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In the first section, the impact of unconventional liquids rich reservoirs on the oil
industry, the main problem in developing shale oil reservoirs, the motivation to apply
unconventional EOR methods, and the objectives of this study are presented. Major study
findings, conclusions, and future work recommendations are summarized in the second
section.
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ABSTRACT

Unconventional Liquids Rich Reservoirs (ULR) such as Bakken, Niobrara, and
Eagle Ford have become the main target for oil and gas investors as conventional
formations started to deplete and diminish in number. These unconventional plays have a
huge oil reserve; however, the predicted primary oil recovery is still low as an average of
7.5 %. Unconventional Improved Oil Recovery (UIOR) techniques are still a new
concept in the oil industry because there is no commercial project for any IOR technique
so far. Injecting carbon dioxide (CO2) might be the most potential strategy to improve oil
recovery in such complex plays.
In this study, three different approaches were combined to investigate the
applicability of CO2-EOR in these unconventional reservoirs. Firstly, experimental data
analysis for the feasibility of CO2-EOR was conducted on 95 cases of natural preserved
core samples collected from different shale formations. Secondly, a numerical simulation
study was conducted to upscale the reported experimental-studies outcomes to the field
conditions. Thirdly, CO2-EOR performances in some of the fields’ pilots performed in
Bakken formation were matched and analyzed by using numerical simulation methods.
This study found that the kinetics of oil recovery process in productive areas and
CO2-diffusivity level in the field scale of ULR are the keys to perform a successful CO2EOR project. The results also diagnosed the gap between CO2 performances in labconditions versus to what happened in field pilots. Geomechanics coupling has a clear
effect on CO2-EOR performance; however, different geomechanics approaches have a
different validity in these shale plays. Finally, this research provided deep insights on
how CO2-EOR is different in conventional reservoirs as in unconventional formations.
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1. INTRODUCTION

1.1. PROBLEM STATEMENT AND SIGNIFICANCE
Unconventional liquids rich reservoirs include different aspects such as shale
reservoirs, very tight reservoirs, and source rock reservoirs. Generally, these types of oil
and gas reservoirs have two main criteria in common which are very small pore throats,
micro to nano millimeters, and an ultralow permeability of micro to nano Darcy as shown
in Figure 1.1. Several studies were conducted to estimate the recoverable oil in place in
these complex formations indicating huge volumes of oil. The available information
refers to that 100-900 Billion barrels of oil in place in Bakken only (Alfarge et al.,
2017a). However, the predicted oil recovery from the primary depletion stage could lead
to only 7% of the original oil in place (Clark, 2009). Furthermore, some investigators
argued that the primary recovery factor is still in a range of 1-2 % in some of these shale
plays (Wang et al., 2016). For example, the North Dakota Council reported that “With
today's best technology, it is predicted that 1-2% of the reserves can be recovered”
(Sheng, 2015).

Figure 1.1 Types of oil and gas reservoirs according to the permeability cut offs (CSUR,
2017)

2
This low oil recovery factor results from the problems in the production
sustainability which are the main problems in these unconventional reservoirs. The
producing wells usually start with a high production rate. Then, they show a steep decline
rate in the first 3-5 years until they get leveled off at a low production rate as shown in
Figure 1.2. According to Yu et al. (2014), the main reason behind the quick decline in the
production rate is due to the fast depletion happening in the natural fractures combined
with a slow recharge from the rock matrix (the storage). Therefore, the oil recovery factor
from the primary depletion has been typically predicted to be less than 10% (LeFever et
al, 2008; Clark, 2009; Alharthy et al., 2015; Kathel and Mohanty 2013, Wan et al., 2015;
Alvarez et al., 2016).
Infill drilling is the current practice to develop these unconventional reservoirs
and to get a short-term increment in the oil production; however, the high oil rate from
the new wells would not last for a long time as the previous wells. In addition, the cost of
drilling new horizontal wells with a long lateral length is so expensive. Therefore, the
infill drilling strategy might not be currently the economic practice in these types of
reservoirs because of the falling oil prices. Seeking for different options is mandatory. It
is known that the main drive mechanism in most of the shale reservoirs is the depletion
drive. Typically, this drive mechanism could recover up to 8-12% of OOIP which is the
main motivation to apply one of the IOR methods in these reservoirs (Kurtoglu et al.,
2013). Since these reservoirs have a huge original oil in place, any improvement in the oil
recovery factor would result in enormous produced oil volumes. Therefore, IOR methods
have a huge potential to be the major player in these huge reserves.
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Although IOR methods are well understood in conventional reservoirs, they are a
new concept in unconventional formations. All basic logic steps such as experimental
investigations, simulation studies, and pilot tests for examining the applicability of
different IOR methods have just started over the last decade. Generally, applying one of
the feasible IOR methods in most of the oil reservoirs should be mandatory to increase
the oil recovery factor. However, the applications and mechanisms for IOR methods in
unconventional reservoirs would not necessarily be the same as in the conventional
reservoirs due to the complex and poor-quality properties of these plays. The public
understanding of the main critical properties in unconventional reservoirs which might
impair any IOR project is the low porosity and the ultralow permeability. Therefore,
seeking for the IOR methods which are insensitive to these very small pore throats was
the priority. Alfarge et al., (2017a) reviewed more than 70 reports and studies which were
conducted to investigate the applicability of different IOR methods in different
unconventional formations of North America as shown in Figure 1.3. Different tools were
used in the reviewed studies such as experimental investigations, numerical simulation
methods, pilot tests, and mathematical approaches. Their review reported that the most
feasible IOR techniques to be applied in these unconventional reservoirs are miscible
gases, surfactant, and low-salinity water flooding. However, most of the previous studies
recommended that miscible-gas EOR is the best technique for these types of reservoirs.
The gases which have been investigated are CO2, N2, and natural gases. CO2-EOR is the
most recommended technique among miscible-gases EOR methods to be applied in shale
oil reservoirs.
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Some of the IOR pilot-tests, which have been conducted to investigate the
feasibility of natural gases EOR in unconventional reservoirs, showed good results in
terms of enhancing oil recovery in these plays. Unfortunately, the results of the pilot-tests
for CO2-EOR, in huff-n-puff operations, were disappointing despite the excellent
performance for CO2 in the lab scale. Therefore, this study combined data from EOR
pilot-tests, the reported experimental investigations, and a new numerical simulation
study to accurately investigate the applicability of CO2-EOR in shale-oil reservoirs. This
study would explain the effects of different nano and macro mechanisms on the
performance of CO2-EOR in unconventional reservoirs since these plays are much
complex and very different from conventional formations. Also, general guidelines have
been provided in this study to enhance success of CO2-EOR in these types of reservoirs.

A-Bakken Play

B-Eagle Ford Play

Figure 1. 2. Average oil production per well in unconventional reservoirs (EIA, 2016)
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Figure 1.3. IOR Methods Applicability in Unconventional Reservoirs
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1.2. RESEARCH OBJECTIVE AND WORK SCOPE
This study aims to develop an integrated systematic study that determines the
feasibility of CO2-EOR in Unconventional Liquids Rich Reservoirs (ULR). Specifically,
the main objective of this study is to produce comprehensive applicability guidelines for
unconventional CO2-EOR based on three different approaches, experimental data, pilot
tests data, and numerical simulation methods. This main objective includes the following
three sub-objectives:
1- Construct a comprehensive database from the reported experimental studies which
used natural preserved shale core samples for investigating the applicability of CO2EOR in shale oil reservoirs. The objective from constructing this lab-based data can
be broken into the following three sub objectives:
a. Understand the physical and chemical mechanisms for the injected CO2 to
enhance oil recovery in shale core samples.
b. Determine the parameters affecting the obtained oil recovery by CO2-EOR in the
microscopic level of ULR.
c. Determine the relationship between the improved oil recovery by the injected
CO2 and different rock properties including porosity, permeability, mean pore
throat radius, total organic carbon content (TOC), water saturation, and oil
saturation.
d. The relationship between the improved oil recovery obtained by the injected CO2
and the lab operating parameters including CO2 bath pressure, CO2 bath
temperature, core sample bulk size, and exposing time would be also separately
investigated.
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e. Construct proxy models to associate the functionality of the improved oil
recovery by CO2 injection and different operating parameters, rock and fluid
properties.
f. Conduct statistical methods for Design of Experiments (DOE) to rank the most
important parameters affecting CO2-EOR performance in the microscale level
(lab scale) of these unconventional reservoirs.
2- Evaluate CO2-EOR performance in pilot tests. This objective includes the following
sub objectives:
a. Conduct data gathering for the reservoirs and fluid properties of the formations
in which the CO2-EOR pilot tests conducted.
b. Conduct data gathering for the operating parameters which have been used in the
pilot tests including injection rates, production rates, injection pressures, type of
injectants, type of operation (huff-n-puff or flooding process), and the time of
each project.
c. Analyze the performance of CO2-EOR in the pilot tests and diagnose the
problems happening during the pilot tests.
d. Compare the performance of CO2-EOR in the pilot tests with the performance of
other miscible gases in the pilot tests conducted in ULR.
e. Compare the performance of CO2-EOR in shale pilot tests with the performance
of CO2-EOR in conventional reservoirs.
3- Evaluate the feasibility of CO2-EOR in shale oil reservoirs by conducting an
integrated numerical simulation study. This study might be the first numerical
simulation study to integrate two independent reversed approaches (lab to the field&
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field to the lab) to investigate the feasibility of CO2-EOR in ULR. Therefore, this
objective includes the following sub objectives:
a. In this simulation study, the LS-LR-DK (logarithmically spaced, locally refined,
and dual permeability) model would be built to simulate the CO2-EOR in shale
reservoirs. The LS-LR-DK method has been approved to accurately simulate the
fluids flow in fractured shale-oil reservoirs in contrast to most of the previous
simulation studies which simulated these naturally fractured shale reservoirs by a
combination of discrete fractures with a tight formation matrix.
b. Upscale the reported experimental-studies outcomes to the field conditions. As a
result, different forward diagnostic plots would be generated from different
combinations of CO2 physical mechanisms with different shale-reservoirs
conditions. More than 9 mechanisms for CO2-EOR would be simulated. The CO2
adsorption mechanism and molecular diffusion mechanism would be extensively
investigated in this study among other CO2 mechanisms in shale reservoirs.
c. Different backward diagnostic plots would be produced from the history match
with CO2 performances in fields’ pilots performed in Bakken formation of North
Dakota and Montana. These models would incorporate different geomechanics
approaches to find out how the porosity and permeability of natural fractures,
hydraulic fractures, and formation matrix change with production and injection
process.
d. Fitting the backward with the forward diagnostic plots would be used to report
and diagnose some findings regarding the feasibility of CO2-EOR in ULR.

9
The above tasks and the study results were described and presented in detail in
eight published papers:
1. In the first paper, data analysis for the feasibility of CO2-EOR has been
conducted on 95 cases of natural preserved cores collected from different
formations including 44 cases from Middle Bakken, 26 cases from Lower
Bakken, 17 from Upper Bakken, 4 cases from Three Forks, and 4 cases from
unknown formation/formations. The relationship between the improved oil
recovery by the injected CO2 and 6 rock properties including porosity,
permeability, mean pore throat radius, total organic carbon content (TOC), water
saturation, and oil saturation has been separately determined and physically
discussed. Furthermore, the relationships between the improved oil recovery
obtained by the injected CO2 and 4 operating parameters including CO2 bath
pressure, CO2 bath temperature, and core sample bulk size, and exposing time
have been also separately investigated. A Proxy model to associate the
functionality of the improved oil recovery by CO2 injection and these 10
parameters have been constructed. Moreover, statistical methods for Design of
Experiments (DOE) were used to rank the most important parameters affecting
CO2-EOR performance in the microscale level (lab scale) of these
unconventional reservoirs. An important set of lab-based data obtained from
natural preserved cores to find out the applicability of CO2-EOR in these
unconventional reservoirs has been provided. Some key points which could help
in understanding CO2-EOR mechanisms in shale plays have been presented since
they are much complex and very different from conventional formations.
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2. In the second paper, numerical simulation methods of compositional models
were incorporated with LS-LR-DK (logarithmically spaced, locally refined, and
dual permeability) reservoir models and Local Grids Refinement (LGR) of
hydraulic fractures conditions to investigate the feasibility of CO2 injection in
shale oil reservoirs. Different mechanisms for CO2 interactions with the organic
surface, shale brine, and shale oil were implemented in different scenarios of
numerical models. Molecular diffusion mechanisms, adsorption effects, and
aqueous solubility effects were simulated in this study. In addition, linear elastic
models and stress-dependent correlations were used to consider geomechanics
coupling effects on production and injection processes of CO2-EOR in shale oil
reservoirs. Some of the results for this simulation study were validated by
matching the performance of some CO2 fields’ pilots performed in Bakken
formation, in North Dakota and Montana portions.
3. In the third paper, Production Data Analysis (PDA) of CO2-EOR projects has
been combined with numerical simulation methods to produce one typical graph
accounts for the main mechanisms controlling CO2-EOR performance in
conventional reservoirs. Two engineering-reversed approaches were integrated to
produce a unique type curve for the performance of CO2-EOR in huff-n-puff
operations in shale oil reservoirs. Firstly, a numerical simulation study was
conducted to upscale the reported experimental-studies outcomes to the field
conditions. As a result, different forward diagnostic plots have been generated
from different combinations for CO2 physical mechanisms with different shalereservoirs conditions. Secondly, different backward diagnostic plots have been
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produced from the history match with CO2 performances in fields’ pilots
performed in some portions of Bakken formation located in North Dakota and
Montana. Finally, fitting the backward with the forward diagnostic plots was
used to produce another unique type curve to represent CO2-EOR performance in
shale oil reservoirs, and diagnose the main mechanisms controlling CO2-EOR
success in shale oil reservoirs.
4. In the fourth paper, three steps of research have been integrated to investigate the
parameters which control the success of CO2-EOR in huff-n-puff process in the
field scale of shale oil reservoirs. Firstly, a numerical simulation study was
conducted to upscale the reported experimental studies outcomes to the field
conditions. The second step was to validate these numerical models with the field
data from some of CO2-EOR pilots performed in Bakken formation, in North
Dakota and Montana regions. Finally, statistical methods for Design of
Experiments (DOE) have been used to rank the most important parameters
affecting

CO2-EOR

performance

in

the

macroscopic

level

of

these

unconventional reservoirs.
5. In the fifth paper, two engineering-reversed approaches have been integrated to
investigate the feasibility of CO2 huff-n-puff process in shale oil reservoirs.
Firstly, a numerical simulation study was conducted to upscale the reported
experimental-studies outcomes to the field conditions. As a result, different
forward diagnostic plots have been generated from different combinations of CO2
physical mechanisms with different shale-reservoirs conditions. Secondly,
different backward diagnostic plots have been produced from the history match
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with CO2-EOR performances in fields’ pilots performed in Bakken formation of
North Dakota and Montana. Finally, fitting the backward with the forward
diagnostic plots was used to report and diagnose some findings regarding the
injected-CO2 performance in the field scale.
6. In the sixth paper, numerical simulation methods of compositional models have
been incorporated with Local Grid Refinement (LGR) of hydraulic fractures to
mimic the performance of three miscible gases, CO2, lean gas, and rich gas in
shale-reservoirs conditions. Implementation of a diffusion model in the LS-LRDK (logarithmically spaced, locally refined, and dual permeability) model has
been also conducted. Secondly, different molar-diffusivity rates for miscible
gases have been simulated to find the diffusivity level in the field scale by
matching the performance of some EOR pilot tests conducted in Bakken
formation of North Dakota, Montana, and South Saskatchewan.
7. In the seventh paper, the effect of injector-producer spacing, in a range of 9251664 ft, on CO2 performance was investigated in shale plays by using numerical
simulation methods. CO2 utilization value under different injector-producer
spaces was calculated. The increments in oil production rate, cumulative oil, and
oil recovery factor were determined in 1, 5, 10 years of CO2 flooding start-point.
Unfractured horizontal injectors were modeled to avoid conformance problems in
natural fractured unconventional formations. Furthermore, the physical behavior
for CO2 flooding under different conditions was discussed. Finally, simulation
results were analyzed and compared with some of pilot tests which had been
conducted in North Dakota and Southeast Saskatchewan.
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8. In the eighth paper, numerical simulation methods of compositional models were
incorporated with LS-LR-DK (logarithmically spaced, locally refined, and dual
permeability) models to mimic the performance of CO2 as well as natural gases
(lean gas and rich gas) in different scenarios of unconventional reservoirs. The
models of this paper are mainly built on the sensitivity analysis for the fluid and
rock properties of Bakken formation. Sensitivity analysis methods were
conducted by using two main methods of Design of Experiments (DOE) which
are Response Surface Methodology (RSM) and One Parameter At A Time
(OPAAT) approach.
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2. LITERATURE REVIEW

This section provides two parts of literature review. The first part covers the
reported experimental and simulation studies which were conducted to investigate the
applicability of miscible gases based EOR techniques in shale oil reservoirs. The second
part analyzes the performance results for miscible gases based EOR techniques in some
of the pilot tests which were conducted in North Dakota, Montana, and South
Saskatchewan.
2.1. PREVIOUS EXPERIMENTAL AND SIMULATION STUDIES
One of the most investigated IOR methods in unconventional liquids rich
reservoirs is CO2-EOR due to multiple reasons. Composition of shale oil and CO2
miscibility in such oils lead to swelling that oil and lowering its viscosity. CO2 has a
lower miscibility pressure with shale oils rather than other gases such as N2 and CH4
(Zhang, 2016). However, the minimum miscible pressure of CO2 in shale oils has a wide
range of 2500-3300 psi depending on different factors. The reported low value for the
acid number in shale oils might enhance the hope to apply CO2 EOR successfully since
there would not be much danger of asphaltenes precipitation (Kurtoglu et al., 2014).
The early-published studies investigating CO2-EOR in shale reservoirs started by
using modeling methods (Shoaib and Hoffman, 2009; Wang et al., 2010). The reported
models showed that 10-20% of the incremental oil recovery could be achieved by the
continuous gas flooding while 5-10% could be recovered by the huff-n-puff gas process
(Hoffman and Evans, 2016). Dong et al., (2013) reported a numerical simulation study
evaluating CO2 EOR performance in an interval of Bakken formation in the Sanish field
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sector. They came up with a scenario to increase CO2 injectivity in that field by drilling
more horizontal injection wells. Their scenario predicted the possibility to inject 5000
Mscf/day at a maximum injection pressure of 8000 psi. In their simulation study, they
found that using CO2 injection method might increase the oil recovery factor from 5% to
24% in that field. Xu et al., (2014) evaluated the reservoir performance of Elm Coulee
field in Eastern Montana under CO2 flooding with different hydraulic fracture
orientations. They concluded that transverse fractures would have a higher oil recovery
factor, but these transverse fractures would have a lower utilization value than that for the
longitudinal fractures due to the breakthrough problems. Zhu et al., (2015) constructed a
model in which the EOR gases could be injected into a hydraulic fracture oriented along
a horizontal well and the production process could occur from an adjacent fracture which
has an intersection with the same well. They found a substantial improvement in the oil
recovery happens by injecting CO2 in the reservoirs which have a fluid flow from fracture
to fracture. Pu et al., (2016) introduced a new model which considers capillarity and
adsorption effect for the small pores of shale reservoirs. They found that their model
would properly simulate CO2-EOR in unconventional reservoirs. Furthermore, the
capillarity consideration in the modeling process would predict a higher oil recovery by
CO2 injection rather than the cases which do not include the capillarity property.
Song et al., (2013) conducted experimental investigations to compare results from
injecting CO2 and water in cores from Canadian-Bakken. They found that the water
flooding could enhance oil recovery better than the immiscible CO2 in the huff-n-puff
process. However, miscible and near-miscible CO2 huff-n-puff would exceed the water
performance in enhancing oil recovery.

16
Hawthorne et al., (2013) investigated the mechanisms causing incremental oil
recovery by injecting CO2 in Bakken cores. They proved that the diffusion mechanism is
the main mechanism for CO2 to increase oil recovery in these complex plays. However,
to extract oils from the shale matrix by CO2, long exposure time combined with large
contact areas are required. They noticed that maximum oil recovery obtained by CO2
injection would dramatically increase with exposure time and clearly decrease with the
bulk volume of core samples. Gamadi et al., (2014) conducted an experimental work on
shale cores from Mancos and Eagle Ford to investigate the EOR potential for CO2
injection in these reservoirs. Their laboratory results indicated that cyclic CO2 injection
could improve oil recovery in shale oil cores from 33% to 85% depending on types of
shale cores and other operating parameters. Alharthy et al., (2015) compared the
performance of injecting different types of gases such CO2, C1-C2 mixtures, and N2 in
Bakken cores. They concluded that injecting gas composed of C1, C2, C3, and C4 could
produce nearly as much oil as CO2 injection could produce which was 90% from several
Middle Bakken cores and nearly of 40% from the Lower Bakken cores. Also, they found
that the counter-current mechanism is the main mechanism for these gases to recover
more oils from shale cores. Yu et al., (2016) investigated the performance of injecting N2
experimentally on Eagle Ford core plugs saturated with dead oil. They examined the
effect of different flooding times and different injection pressures on N2 flooding
performance. They found that more oils could be produced with a longer flooding time
and higher injection pressure. Table 2.1 gives a summary of the most significant studies
which have been conducted to investigate the feasibility of miscible-gases EOR
techniques in different unconventional reservoirs.
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It is clear from the previous studies that CO2 would have a great potential to
enhance oil recovery in these poor-quality reservoirs. However, whether using CO2 in
Huff-n-Puff process or injecting CO2 in flooding scenario is still debatable. Due to the
low permeability, conformance problems in these reservoirs, and the significant
molecular-diffusion rates for the injected CO2 in lab conditions, most of the researchers
prefer the CO2 Huff-n-Puff process on CO2 flooding. To select cyclic process over
flooding mode or vice versa, the choice should technically depend on two main factors
(Alfarge et al., 2017a). These factors are the ratio of reservoir permeability to the
injector-producer spacing and the molecular diffusivity of the injected gas (Alfarge et al.,
2017a). The first and the most important parameter is the ratio of reservoir permeability
to the injector-producer spacing. As far as this ratio is higher than the critical economic
value for the target reservoir, the continuous flooding would be selected. However, when
this ratio is less than the economic value for the target reservoir and the diffusion rate for
the miscible gas into formation oil is high enough, the cyclic protocol would be the right
choice (Alfarge et al. 2017a). Unfortunately, the results of the pilot tests for CO2-EOR in
the cyclic process were disappointing.
2.2 MISCIBLE GASES PILOT PROJECTS
Although there are a limited number of pilots conducted to investigate the
applicability of miscible-gases EOR in shale oil reservoirs, this section provides some of
the published results for these pilots which were mainly conducted in US and Canada.
The start point is with the IOR projects that were conducted in Canadian Bakken. The
interesting point is that the pilot tests conducted in Canadian Bakken have approximately
the same well pattern, Toe-Heel pattern. Furthermore, the most interesting criteria in
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these pilots, rather than the pilots conducted in US Bakken, is that the spacing between
the injection wells and production wells is very short as 200 ft although the porosity and
permeability of Canadian Bakken are much higher than those for US Bakken. This
spacing between injectors and producers is much smaller than the spacing between
injectors and producers in the pilot tests performed in US Bakken (Alfarge et al., 2017b).
This small spacing might be one of the main reasons behind the encouraging results of
the pilot tests conducted in Canadian Bakken. The lateral length for the production and
injection wells which were drilled horizontally in Canadian Bakken is approximately
equal to one mile. Although the injection process in those pilots was sporadically, any
injectivity problems had not been reported. Schmidt et al., (2014) reported a successful
project in the Canadian Bakken. Their pilot project covered 1280 acres which were
developed by a combination of 80-acre and 160-acre spacing.

The fluid and rock

properties for their project are shown in Table 2.2. They designed their project by a onemile horizontal injector and nine perpendicular horizontal producers. The wells pattern
was Toe-Heel pattern. Natural gas (primary methane) was used as injectant due to its
availability in these reservoirs, its high compressibility, and its low viscosity. They
injected a lean gas (with C2-C7 content in a range of 138 bbl/MMCF to 145 bbl/MMcf) at
an injection rate of 350-1000 Mscf/day without any reported problems in the injectivity.
The reported results of their pilot were encouraging in all nine offset producers where the
oil production rate increased from 135 bbl/day to 295 bbl/day as shown in Figure 2.1.
However, there were some problems related to conformance control where some early
injected gases got a breakthrough in some of the producers. The gas utilization value had
been improved form 10 MCF/bbl to 6.5 MCF/bbl which is very well consistent with the
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model prediction provided by Alfarge et al. (2017b). The results from their pilot are
motivating. However, the main reasons for the success of their project might be because
that Canadian Bakken has a permeability with 1-2 orders of magnitude higher than the
permeability for US Bakken and a porosity as a twice larger than that for US Bakken
(Hoffman and Evans, 2016). Furthermore, the short spacing between the injectors and

producers could be considered another reason for the success of these pilots.
Table 2.1 The reported studies for miscible gases EOR in ULR
SN

Authors,

Paper n.

Approach

Formation

Year
1

Kovscek et

Shoaib et al.

SPE-115679-MS

Experimental

Siliceous shale

CO2

Diffusion

CO2

pressure

reservoir core
SPE 123176

Simulation

Bakken

2009
3

Vega et al.

maintenance
SPE -135627-MS

Experimental/Simulation

2010
4

Hoteit et al.

IOR Mechanism

Method

al. 2008
2

IOR

siliceous shale

CO2

Diffusion

Core
SPE 141937-MS

Mathematical Approach

X

CO2

diffusion

SPE 154329

Simulation

Bakken

CO2/

X

SPE-168827-MS

Simulation

Bakken

CO2

X

SPE-167200 -MS

Experimental

Bakken

CO2

Extraction

SPE 168880

Simulation

Eagle Ford

CO2

Oil Viscosity

2011
5

Hoffman et
al. 2012

6

Dong et al.

Natural Gas

2013
7

Hawthorne et
al. 2013

8

Tao Wan et
al. 2013

reduction and
Pressure m.

9

Xu et al.

SPE 168774-MS

Simulation

Bakken

CO2

2013
10

Kurtoglu et

pressure
maintenance

SPE-168915-Ms

overview/ Simulation

Bakken

CO2

al. 2013

Oil Viscosity
reduction and
swelling

11

Chen et al.

SPE-164553-MS

simulation

Bakken

CO2

X

SPE-169022-MS

Experimental

preserved side-

CO2

Diffusion/

2013
12

Tovar et al.
2014

wall core

Reduction in
Capillary forces
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Table 2.1 The reported studies for miscible gases EOR in ULR (con’t)
13

Chen et al.

SPE-164553-PA

Simulation

Bakken

CO2

Diffusion

SPE-169142-MS

Experimental

Mancos and Eagle

CO2

Repressurization

Natural gas

Displacement oil

2014
14

Gamadi et al.
2014

15

Schmidt et al.

Ford.
21-1921 WPC

Pilots

Bakken

2014
16

Tao Wan et

in matrix
SPE-169069-MS

Simulation

Eagle Ford

CO2

al. 2014

Oil viscosity
reduction and
Pressure m.

17

18

Adekunle, O.

PhD

2014

dissertation/CSM

Experimental/Simulation

Bakken

CO2/NGL

X

Fai-Yengo et

URTeC:1922932

Simulation

Bakken

CO2

Combination

Sheng et al.

JNGSVolume 22,

Simulation

X

CO2

X

2014

January 2015,

SPE-175034-MS

Experimental/Simulation

Bakken

CO2

Diffusion

SPE 1891403-PA

Simulation

Eagle Ford

CO2

Diffusion

al. 2014
19

Pages 252–259
20

Alharthy et
al. 2015

21

Tao Wan et
al. 2015

22

mechanism

Alharthy et

PhD

al. 2015

dissertation/CSM

Experimental/Simulation

Bakken

CO2/NGL

Swelling,
Repressurization,
Diffusion

23

Sheng et al.

2015-438 ARMA

2015

Conference Paper

Simulation

Wolfcamp shale

Gas

X

Pilots

Bakken

CO2/Water

X

- 2015
24

Hoffman et

SPE-180270-MS

al. 2016
25

Pu et al. 2016

flooding
SPE-179533-MS

Simulation

Bakken

CO2

Capillarity and
Adsorption

26

Yang et al.,

SPE-180208-MS

Simulation

Eagle Ford

CO2

CO2 Adsorption

SPE-180378-MS

Experimental

Eagle Ford

N2

Repressurization

2016
27

Yu et al.,
2016

28

Yu et al.,

and fracturing
SPE-179547-MS

Experimental

Eagle Ford

N2

Repressurization

2016

Hoffman and Evans (2016) reported seven IOR pilot-tests conducted in US
Bakken, performed in North Dakota and Montana. Four of these seven pilots injected
gases. Three of those four pilots injected CO2 while the fourth one injected enriched
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natural-gas. Some of those pilots were performed as a huff-n-puff process while others
were designed in the continuous injection process. Table 2.3 shows the pilots distribution
and the fluid type injected.
Table 2.2 Summary of fluid and rock properties of the project area (Schmidt et al., 2014)
Parameter

Value

Unit

Pilot Area

1280

Acres

Net Pay

23-26

ft

Porosity

9-10

%

0.01-0.1

md

Water Saturation

55-59

%

Original Formation Volume Factor

1.328

Rb/STB

Bubble Point Pressure

990

psi

Oil Viscosity

2-3

cP

Oil Gravity (Stock Tank)

42

API

OOIP (Pilot Area)

8000

MSTB

Permeability

Figure 2.1. Performance of natural gas EOR in Canadian-Bakken conditions (Schmidt et
al., 2014)
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The start point is from the projects performed in huff-n-puff modes. Pilot test#1
and pilot test#2 were conducted in different parts of US Bakken by two different
operators. They injected CO2 as a huff-n-puff process. Both of them did not show
problems related to the injectivity where they injected 1000 Mscf/day and 1500-2000
Mscf/day at 2000-3000 psi respectively. However, a clear production increment for any
of them had not been well recognized as shown in Figure 2.2. Pilot test#5 was conducted
in a vertical well with 60 ft of middle Bakken pay-thickness to perform a CO2 cyclic
process. They injected 300-500 Mscf/day of CO2 for 20-30 days. After that, they shut in
the well for 20 days, then the production process was resumed. They observed the
injected CO2 produced in an offset well which was 900 ft away from the injection well. It
is clear that the operators fractured the vertical well at that high flowrate, so they stopped
the operations. The continuous gas injection process had been performed in the pilot
test#7. The pilot test#7 has one injector in the center surrounded by four offset wells.
Two of the producers which were to the east and the west were located at 2300 ft away
from the injector while the other two which were to the north and south were located at
900 ft and 1200 ft respectively away from the injector. They injected an enriched natural
gas with approximately 55% methane, 10% nitrogen, and 35% of C2+ fractions. The
injection rate was 1600 Mscf/day for 55 days at a target surface injection pressure equals
to 3500 psi. As a result, all four offset wells had an increment in the production oil rate.
However, some people argued whether that oil increment from the injection process or
from the frac hits which were going on in the neighboring wells. Once again, the natural
gas EOR like what happened in the Canadian Bakken proved to be a promising technique
in these reservoirs. To sum up, the reported pilot tests which used natural gas as injectant
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were successful. However, CO2-EOR did not show a clear success in the huff-n-puff
process which might give a clear indication that the proposed CO2 diffusion mechanism
in lab conditions is not the same as in the field conditions.

Table 2.3. Summary of pilot tests in the Bakken-North America (Hoffman and Evans,
2016)
Name

State

Year

Fluid

Pilot Test #1

ND

2008

CO2

Huff-n-puff

Type

Pilot Test #2

MT

2009

CO2

Huff-n-puff

Pilot Test #3

ND

2012

Water

Huff-n-puff

Pilot Test #4

ND

2012-2013

Water

Pilot Test #5

ND

2014

CO2

Pilot Test #6

MT

2014

Water

Flood

Pilot Pilot#7

ND

2014

Nat. gas

Flood

Flood
Vertical inj.

Figure 2.2. Oil production from two Bakken wells performed CO2-EOR (Hoffman and
Evans, 2016)

2.3. LITERATURE REVIEW DISCUSSION
The above literature review reveals that CO2-EOR in shale oil reservoirs is a new
concept in the oil industry. Furthermore, although there have been extensive studies
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investigating the applicability of CO2-EOR in ULR over the last decade, this technique is
still having different significant problems.
First, the physical and chemical mechanisms for CO2 to enhance oil recovery in
the lab conditions has not been well understood. The lack of understanding for CO2-EOR
mechanisms might result from two main aspects of misleading procedures used in the
previous experimental works:
•

Most of the investigators used outcrop cores and/or synthetic oils to simulate the
real conditions of shale reservoirs. This methodology resulted in a significant
ambiguity in understanding both of fluid flow in the Nano pores of shale media
and the mechanisms of the injected CO2 to enhance oil recovery in these
unconventional reservoirs. For example, Jin et al., (2016) used 27 natural reserved
cores from Bakken formation in their experiments. They conducted a design of
experiments to investigate the parameters affecting CO2-EOR in these natural
cores. They found that Total Organic Carbon Content (TOC) is the main factor to
predict a low or a high oil recovery would be produced by injecting CO2.
According to their conclusions, any outcomes or conclusions from the
experimental studies which used outcrop cores would have clear problems to be
representative to what would happen in the real conditions of shale reservoirs
during conducting a CO2-EOR project.

•

For the experimental studies which used natural shale cores, most of the cores
used were in shape of very small chips or rods, in a bulk volume of (0.02719.94cm3). Then, these small chips immersed in a bath of CO2 under a high
pressure (as an average of 5000 psi) and a high temperature (with an average of
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230 Fo). Therefore, most of the previous researchers reported that 60-95% of oil
recovery could be obtained in the lab conditions by injecting CO2 into these small
ships of cores due to the large contact area between the injected CO2 and
formation cores.
Second, most of the reported simulation studies in this area simulated these
naturally fractured shale reservoirs by a combination of discrete fractures with a tight
formation matrix as shown in Table 2.4. They used the refinement process for the grids
around the discrete fractures to make the convergence in the numerical calculations
happening. We think that their combination, discrete fractures with a tight formation
matrix, would not capture the real physics for these fractured shale reservoirs.
Furthermore, some of the simulation studies used the same molecular diffusion
coefficients reported from the lab to be implemented in their simulation models. It is
clear that their adopted diffusion coefficients would be overpredicted in the field scale
because the diffusion coefficients, in the lab scale, should be considered as bulk diffusion
coefficients, not effective coefficients, due to the large contact area and long exposure
time between the injected CO2 and the matrix oil. However, in the field scale, the
effective diffusion coefficients should be dominated because they count for the properties
of the porous media such as the tortuosity. The rest of simulation studies used the direct
upscaling for the obtained increment in the oil recovery, which was resulted from CO2EOR in the lab scale. Therefore, the molecular diffusion coefficients would be reflected
in that oil increment. As a result, both of the previous experimental reports and
simulation studies overpredict the oil recovery obtained by CO2-EOR because the “CO2
molecular diffusion mechanism” is over-estimated.
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Third, to our knowledge, there is no any simulation or experimental study
combined or validated its results and/or its conclusions with the outcomes of CO2-EOR in
the pilot tests which were conducted in the unconventional reservoirs. This led to a clear
gap between the CO2 performance in the lab scale versus field scale. There are some
reasons which prevented the previous investigators to combine their conclusions with the
field data. The first reason is that most of the investigators in this area are working in the
academia while the pilot tests are reported to the government agencies (Hoffman and
Evans, 2016). Second, understanding the CO2-EOR in the field scale of shale oil
reservoirs required extensive efforts and time due to the high uncertainties in the
properties of these unconventional plays.
To sum up, this review illustrates that the unconventional CO2-EOR technique is
not matured yet. Although there have been extensive studies conducted to investigate its
feasibility in ULR, the approaches used in the previous studies suffer from many weak
points and/or they have not well integrated. The experimental studies used either nonrepresentative core samples or wrong methodology to simulate CO2-EOR performance in
these plays. On the other hand, the available simulation studies used speculative
procedures to upscale the experimental outputs. The current status of this EOR technique
is still in need for a robust study integrating different approaches such as experimental
studies, numerical simulation methods, and pilot tests to come with a valid foundation for
determining the feasibility of CO2-EOR in shale oil reservoirs.
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Table 2.4. The reported simulation studies investigating CO2-EOR in ULR
Authors

Model

Simulator

Shuaib and Hoffman (2008)

Single Porosity

ECLIPSE

Vega et al., (2010)

Single Porosity

GEM

Hoffman (2012)

Single Porosity

ECLIPSE

Dong and Hoffman (2013)

Single Porosity

ECLIPSE

Chen (2013)

Single Porosity

IMEX

Wan (2013)

Single Porosity

IMEX

Kurthoglu (2013)

Double Porosity

In-house

Pu (2013)

Single Porosity

IMEX

Fai -Yengo et al., (2014)

Single Porosity

NA

Chen et al., (2014)

Single Porosity

NA

Sanchez (2014)

Single Porosity

GEM

Yu et al., (2015)

Single Porosity

GEM

Xiong (2015)

Hybrid of double and Single Porosity

In-house

Alharthy et al., (2015)

Double Porosity

GEM

Jia et al., (2017)

Dual permeability

GEM

Alfarge et al., (2017)

Different models (single Porosity; dual
Permeability; etc.…)

GEM
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ABSTRACT
Unconventional resources have played a significant role in changing oil industry
plans recently. Shale formations in North America such as Bakken, Niobrara, and Eagle
Ford have a huge oil in place, 100-900 Billion barrels of recoverable oil in Bakken only.
However, the primary oil recovery is still low as 5-10%. EOR methods are currently
considered as a new concept in unconventional reservoirs due to the immature
information about these plays. Injecting carbon dioxide (CO2) might be the most potential
strategy to improve oil recovery in such complex plays (Alfarge et al., 2017).
Jin et al., (2016) conducted an experimental study to investigate improving oil
recovery by CO2 injection in 21 natural preserved core samples from Bakken Petroleum
System (BPS). Their experimental results indicated that CO2 injection has a significant
potential to improve oil transportability in these Nano-pores formations. In this study,
data analysis for the feasibility of CO2-EOR was conducted on 95 cases of natural
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preserved cores collected from different formations including 44 cases from Middle
Bakken, 26 cases from Lower Bakken, 17 from Upper Bakken, 4 cases from Three Forks,
and 4 cases from unknown formation/formations. The relationship between the improved
oil recovery by the injected CO2 and 6 rock properties including porosity, permeability,
mean pore throat radius, total organic carbon content (TOC), water saturation, and oil
saturation was separately determined and physically discussed. Furthermore, the
relationships between the improved oil recovery obtained by the injected CO2 and 4
operating parameters including CO2 bath pressure, CO2 bath temperature, and core
sample bulk size, and exposing time were also separately investigated. A Proxy model to
associate the functionality of the improved oil recovery by CO2 injection with these 10
parameters has been constructed. Moreover, statistical methods for Design of
Experiments (DOE) were used to rank the most important parameters affecting CO2-EOR
performance in the microscale level (lab scale) of these unconventional reservoirs. This
paper provides an important set of lab-based data obtained from natural preserved cores
to find out the applicability of CO2-EOR in these unconventional reservoirs. Also, this
research demonstrates some key points which could help in understanding CO2-EOR
mechanisms in shale plays since they are much complex and very different from
conventional formations.
1. INTRODUCTION
The Energy Information Administration (EIA) predicted that US tight oil
production including shale-oil will grow to more than 6 million bbl/day in the upcoming
decade, making up most of the total U.S. oil production as shown in Figure 1. Oil
production from tight formations including shale plays has just shared for more than 50%
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of total oil production in US (Alfarge et al., 2017a). Hoffman and Evans (2016) reported
that 4 million barrels per day as an increment in US oil daily production comes from
these unconventional oil reservoirs. From 2011 to 2014, Unconventional Liquids Rich
(ULR) reservoirs contributed to all natural gas growth and nearly 92% of oil production
growth in US (Alfarge et al., 2017a). About 80% of tight formations oil production in US
is produced from Bakken and Eagle Ford formations (Yu et al., 2016a). More recently,
Bakken formation alone delivers close to 10% of the total US production with more than
1.1 million barrels per day (Alvarez et al., 2016). This revolution in oil and gas
production happened mainly because shale oil reservoirs have been just increasingly
developed due to the advancements in horizontal wells and hydraulic fracturing technique
over the last 10 years.
Several studies were conducted to estimate the recoverable oil in place in these
complex formations indicating large quantities of oil in place. The available information
refers to 100-900 Billion barrels in Bakken only. However, the predicted recovery from
the primary depletion could lead to only 7% of original oil in place (Clark, 2009).
Furthermore, some investigators argued that the primary recovery factor is still in a range
of 1-2 % in some of these plays in North America (Wang et al., 2016). For example, the
North Dakota Council reported that “With today's best technology, it is predicted that 12% of the reserves can be recovered” (Sheng, 2015). The main problem during the
development of unconventional reservoirs is how to sustain the hydrocarbon production
rate, which also leads to low oil recovery factor. The producing wells usually start with a
high production rate initially; however, they show steep decline, about 75% loss in the
production rate over the first 3-5 years until they get leveled off at very low rate.
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According to Yu et al., (2014), the main reason causing this quick decline in production
rate is due to the fast depletion of natural fracture networks combined with a slow
recharging from the matrix system, which is the major source of hydrocarbon. Therefore,
oil recovery factor from the primary depletion has been predicted typically to be less than
10% (LeFever et al, 2008; Clark, 2009; Alharthy et al., 2015; Kathel and Mohanty 2013;
Alvarez et al, 2016).
Infill drilling is the current practice to develop these unconventional reservoirs
and to get a short-term increment in the oil production; however, this high oil rate from
the new wells would not last for a long time similar to the previous wells. In addition, the
cost of drilling new horizontal wells with a long lateral length is so expensive. Therefore,
infill drilling might not be the economic practice in these types of reservoirs, hence
seeking for different options is mandatory. It is known that the main drive mechanism in
most of the shale reservoirs is the depletion drive. This drive mechanism could recover
up to 8-12% of OOIP which is the main motivation to apply one of the IOR methods in
these reservoirs (Kurtoglu et al., 2014). Since these reservoirs have a huge original oil in
place, any improvement in oil recovery factor would result in enormous produced oil
volumes. Therefore, IOR methods have a huge potential to be the major controller in
these huge reserves.
Although IOR methods are well understood in conventional reservoirs, they are
new concept in unconventional ones. Only from the last decade, applicability studies of
different IOR methods in shale reservoirs were started by experimental investigations,
simulation studies, and pilot tests. Due to significant differences in formation and fluid
characteristics in unconventional reservoirs, mainly low porosity and extremely low
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permeability as illustrated in Figure 2A, EOR mechanisms in these reservoirs are
different from those in conventional reservoirs. Therefore, seeking for the IOR methods
that are insensitive to the very small pore-throats of these formations was the priority.
Alfarge et al., (2017a) conducted a comprehensive review of laboratory experiments,
simulation studies, and field pilot tests, with total of (16) projects in more than 70
technical papers and reports, for the applicability of different IOR methods in different
unconventional formations in North America, with research projects distribution shown
in Figure 2B and research tools distribution shown in Figure 2C. The comprehensive
review revealed that the most feasible EOR techniques for unconventional reservoirs are
miscible gases injection, surfactant application, and low-salinity water flooding
respectively as shown in Figure 2D. CO2-EOR is in the top of the list for miscible-gases
based EOR category to be applied in shale-oil reservoirs.
In order to survey and investigate the CO2 EOR mechanisms in unconventional
resources, in this study, a data set has been constructed from 95 cases of natural
preserved cores collected from different formations, with more than 90% of these cases
were from Bakken Petroleum System (BPS). In this data set, all cores are preserved
natural cores, we investigated six rock parameters including porosity, permeability, pore
throat radius, total organic carbon content (TOC), water saturation and oil saturation, and
4 operating parameters including CO2 bath pressure, CO2 bath temperature, core sample
bulk size, and exposing time. We present our data survey and analysis results based on
data collected, trying to reveal some interesting relations among the improved oil
recovery by CO2 injection and above-mentioned parameters. Furthermore, the parameters
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which play a significant role on the success of CO2-EOR in shale formations have been
investigated in the microscopic level.
2. ROCK AND FLUID PROPERTIES OF BAKKEN FORMATION
Bakken formation is the most productive oil-producing formation among
unconventional plays in North America with an estimated oil in place of 100-900 Billion
barrels and 7.4 Billion barrels of technically recoverable oil (Gaswirth et al., 2013).
Furthermore, about 90% of the laboratory database in this study were gathered from
Bakken Petroleum System (BPS). Therefore, Bakken geological structure description
would be presented in this paper to understand its conditions before deciding the
feasibility of CO2-EOR. The most common rock and fluid properties which have been
previously reported in different resources for Bakken formation have been gathered in
Table 1 and Table 2 respectively. Bakken formation consists of two portions located in
Williston Basin as shown in Figure 3A. The first portion is located in US with a vertical
depth beyond 8000 ft, mainly in North Dakota, South Dakota, and Montana. The second
part is in Canada with a vertical depth of 5050 ft, mainly in Saskatchewan and Manitoba.
These two parts of Bakken present different characteristics; therefore, we present them
separately.
In U.S.A., Bakken formations include Upper Bakken, Middle Bakken, Lower
Bakken, and Three Forks, as shown in Figure 3B. Middle Bakken is composed of facies
with a high diversity of mineral composition including mainly limestone, siltstone,
dolomite, and sandstone while the upper member and lower member are mainly shale.
Middle Bakken is the most productive formation among Bakken Petroleum System
(BPS) formations. The average porosity of middle Bakken is in a range of 5-10%
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(Sorenson et al., 2015); the average matrix permeability has a large range of 0.01-0.001
md (Pu et al., 2016); the formation temperature is approximately 230-240 oF; and net pay
is about 40 ft. The upper and lower members of Bakken are organic rich, with total
organic carbon (TOC) in a range of 12-36 wt.% (Tran, 2011), while the middle members
with a TOC content of 0.1 to 0.3 wt% (Kurtoglu et al., 2013). These two members of
shale have a high concentration of Type II kerogen and considered as the source rocks for
the petroleum in the Bakken system (Zhang et al., 2016). The natural Fracture intensity is
in a range of 1-32#/ft. These unconventional reservoirs are usually abnormally
pressurized with initial pressure of 7500 psi. Water saturation is between 25% and 50%
in Middle Bakken formation (Pu et al., 2016).
Bakken formations in Canada are shallower than its formations in U.S.A., with
higher porosity of 9-12%, higher matrix permeability of 0.01-0.1 md, and net pay of 2326 ft (Schmidt et al, 2014). The formation composition is typically composed of siltstone
and black shale. There are total of three members; the upper and the lower ones are
dominated by shale while the middle one is dominated by siltstone and sandstone. The
pore pressure in Canadian Bakken is normally pressurized with an average pressure
approximately of 2320 psi.
The common fluid properties for these shale plays presented in Table 2. Unlike
the rock properties, there is no much difference in fluid properties between Canadian
Bakken and US Bakken. In these reservoirs, the brine is heavy with a specific gravity of
1.9 and with a high salinity where TDS is about 285,000 mg/l (Kurtoglu et al., 2014); the
total acid number, total base number, and water content in these oils are 0.09 mg KOH/g,
1.16 mg KOH/g, and 0.02 wt% respectively (Kurtoglu et al., 2014). The most common
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API is about 40 degrees and with viscosity of less than 3 cP at a pressure of 2600 psi and
temperature of 170 oF (Schmidt et al., 2014; Zhang, 2016). Furthermore, the oil type is
more paraffinic than aromatic (Kurtoglu et al., 2014). The shale oils usually contain a
high gas oil ratio (GOR) varies from 507 to 1,712 scf/bbl, and the bubble point pressure
in a range of 1,617 to 3,403 psi (Pu et al., 2016). The minimum miscibility pressure of
CO2 in these types of oils has a wide range in between 2500 psi and 3300 psi (Kurtoglu et
al., 2014). To sum up, shale oils are usually characterized to be light oil, low viscous,
more paraffinic, and high GOR.
3. CO2-EOR IN UNCONVENTIONAL RESERVOIRS
CO2 EOR is one of the most investigated methods in unconventional liquids rich
reservoirs to improve oil recovery, as shown in Figure 2C and Figure 2D. CO2 injection
has several advantages over other gas types. First of all, it is a supercritical fluid in most
shale reservoir conditions, with a reservoir temperature above 88 oF and reservoir
pressure above 1,071 psi. As a supercritical gas, CO2 has a density of liquids, which
reduces the gravity segregation. CO2 dissolves in shale oil easily, which swells the oil and
lowers its viscosity, leading to improved oil mobility. CO2 needs a lower miscibility
pressure with shale oil compared with other gases such as N2 and CH4 (Zhang et al.,
2016); therefore, CO2 injection can take advantages of miscible drive. The low value of
acid number which has been reported might give the hope to apply CO2-EOR
successfully without asphaltenes precipitation problems (Kurtoglu et al., 2014).
The early published studies investigated CO2 EOR in unconventional reservoirs
using modeling methods (Shuaib et al, 2009; Wang et al., 2010). These models showed
that 10-20% of incremental oil could be recovered by continuous gas flooding while 5-
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10% could be recovered by huff-n-puff gas protocol (Hoffman and Evans, 2016). Dong et
al., (2013) reported a numerical study evaluating CO2-EOR performance for the Bakken
interval in the Sanish field sector. They came up with a model structure to increase CO2
injectivity in that field by drilling more horizontal injection wells. Their model predicted
the possibility to inject 5000 Mscf/day at a maximum injection pressure of 8000 psi. In
their simulation study, they found that using CO2 injection method might increase oil
recovery from 5% to 24% in that field. Xu et al., (2013) evaluated the reservoir
performance of Elm Coulee field in Eastern Montana under CO2 flooding with different
hydraulic fracture orientations. They found that transverse fractures have a higher oil
recovery factor, but it has lower CO2 utilization value than that for longitudinal fractures
due to breakthrough problems. Zhu et al., (2015) constructed a model in which gas could
be injected into a hydraulic fracture along a horizontal well and the production process
could occur in an adjacent fracture which has an intersection with the same well. They
found a substantial improvement in oil recovery happens by injecting CO2 in reservoirs
with fluid flow from fracture to fracture. Pu et al., (2016) introduced a new model which
considers capillarity and adsorption effect for the small pores of shale reservoirs. They
found that using this model would properly simulate CO2 EOR in unconventional
reservoirs. Furthermore, the models which consider capillarity in their simulation process
for CO2-EOR would predict a higher oil recovery rather than the cases which do not
consider the capillarity property.
Regarding experimental studies, Song et al. (2013) conducted experimental
investigations to compare results from injecting CO2 and water in cores from CanadianBakken. They found that water flooding could enhance oil recovery better than
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immiscible CO2 in huff-n-puff protocol. However, miscible and near miscible CO2 huffn-puff could exceed the water performance in enhancing oil recovery. Hawthorne et al.,
(2013) investigated the mechanisms causing an increment in oil recovery by injecting
CO2 in Bakken cores. They proved that diffusion mechanism is the main mechanism for
CO2 to increase oil recovery in these complex plays. However, to extract more oil from
shale matrix by CO2, long times of exposure combined with large contact areas are
required.
Gamadi et al., (2014) conducted an experimental work on shale cores collected
from Mancos and Eagle Ford to investigate the EOR potential of CO2 injection in these
reservoirs. Their laboratory results indicated that cyclic CO2 injection could improve oil
recovery in shale oil cores from 33% to 85% depending on shale core type and other
operating parameters.
Alharthy et al., (2015) compared performance of injecting different types of gases
such as CO2, C1-C4 mixtures, and N2 on enhancing oil recovery from Bakken cores. They
concluded that injecting gas, composed of C1, C2, C3, and C4, could produce nearly as
much oil as CO2 injection produce which was 90% from several Middle Bakken cores
and nearly 40% from Lower Bakken cores. Also, they found that the counter-current
mechanism is the main mechanism for these gases to recover more oil from shale cores.
Finally, Yu et al., (2016b) investigated N2 flooding process experimentally in Eagle Ford
core plugs saturated with dead oil. They examined the effect of different flooding time
range and different injection pressure on N2 flooding performance. They found that more
oil could be produced with a longer flooding time and higher injection pressure.
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4. CO2 MOLECULAR-DIFFUSION MECHANISM
Different mechanisms have been proposed for the injected CO2 to improve oil
recovery in unconventional reservoirs as shown in Table 3. However, since the matrix
permeability in these unconventional reservoirs is in the range (0.1 –0.00001 md), CO2
would not be transported by convection flux from fracture to matrix (Yu et al., 2014).
The main transportation method for CO2 is by the difference in concentration gradient
between CO2 concentration in the injected gases and the target-oil. This process of
transportation is subjected to Fick’s law which is called molecular diffusion
transportation. Molecular diffusion is defined as the movement of molecules caused by
Brownian motion or composition gradient in a mixture of fluids (Mohebbinia et al.,
2017). This type of flow would be the most dominated flow in fractured reservoirs with a
low-permeability matrix when gravitational drainage is inefficient (Moorgate and
Firoozabadi, 2013; Mohebbinia et al., 2017). It has been noticed that gas injection is the
most common EOR-process affected by molecular-diffusion mechanism. Hawthorne et
al., (2013) extensively investigated the CO2 diffusion-mechanism in Bakken cores and
proposed five conceptual steps to explain it. These conceptual steps include: (1) CO2
flows into and through the fractures, (2) unfractured rock matrix is exposed to CO2
at fracture surfaces, (3) CO2 permeates the rock driven by pressure, carrying some
hydrocarbon inward; however, the oil is also swelling and extruding some oil out of the
pores, (4) oil migrates to the bulk CO2 in the fractures via swelling and reduced
viscosity, and (5) as the CO2 pressure gradient gets smaller, oil production is
slowly driven by concentration-gradient diffusion from pores into the bulk CO2 in the
fractures.
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5. DATASET FOR LABORATORY CO2 EOR PROJECTS
The experimental data set of this study has the following criteria:
1. 95 cases of natural preserved core samples were collected from literature,
technical papers and Department of Energy (DOE) reports from 2013 to
2017. Alharthy et al. (2015) and Jin et al. (2016) are samples for the sources
which this database was constructed from.
2. All core samples were naturally saturated with a live crude oil.
3. More than 90% of the experiments were conducted in huff-n-puff process
(CO2 bathing process). However, the other 10% of the experiments were
conducted in flooding process (co-current flow).
4. There were some parameters missing in the sources. We handled the missing
data by two ways. The first way by using the data as it is and ran our
analysis. The second way, we used some techniques to impute the missing
data, then we proceeded to the analysis stage. Both of methods gave the same
conclusions for this study.
5. The core samples gathered in this work were from different formations
including Upper Bakken (UB), Middle Bakken (MB), Lower Bakken (LB),
Three-Forks (TF), and unspecified formation(s).
6. The boxplot, histogram, and scatterplot were used to visualize data
distribution and some important relations among them. Figure 4 illustrates
the number of samples and percentage of data availability for each formation.
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6. DATA ANALYSIS RESULTS AND DISCUSSIONS
6.1 EFFECT OF FORMATION PERMEABILITY
Firstly, a boxplot has been used to determine the five statistical values for the
permeability of shale cores which are: 1) The lowest value (minimum), 2) the highest
value (maximum), 3) the first quartile (25th percentile), 4) the second quartile (50th
percentile), and 5) the third quartile (75th percentile), as shown in Figure 5A. The scatter
plot shown in Figure 5B is used to explore the potential association of oil recovery
obtained by CO2 injection (RF) and the core sample permeability. The results indicated
that CO2-EOR performance increased as far as the formation permeability increased as
shown in Figure 5B. However, it is clear that the relationship between the oil recovery
extracted by CO2 injection and the formation permeability is not significantly strong
(R2<20%). We think that the enhancement in the performance of CO2-EOR with the
increasing in the permeability of the core samples happens because the formations with a
high permeability would have a larger contact area between the injected CO2 and the
formation-oil. As a result, when the contact area between the injected CO2 and formation
oil increased, the CO2 diffusivity into formation oil increased so CO2 would extract more
oil by counter-current mechanism. Thirdly, histograms have been used to plot the average
permeability for each formation and the oil recovery factor obtained by CO2 injection as
shown in Figure 6. It could be noticed that there is no a good agreement between the
average permeability for each formation and the oil recovery factor obtained by CO2
injection. This is also another evidence that the relationship between the formation
permeability and oil recovery factor obtained by CO2 is not that strong.
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6.2 EFFECT OF TOTAL ORGANIC CARBON CONTENT (TOC)
Firstly, a boxplot has been used to determine the five statistical values for TOC of
shale cores as shown in Figure 7A. Secondly, the scatter plot has been used to find out
the relationship between the oil recovery obtained by CO2 injection and the TOC of core
samples. The results indicated that CO2 EOR performance decreased with the increased
TOC in the core samples as shown in Figure 7B. The results indicated clearly that TOC
influences the improved oil recovery caused by CO2 injection. The physical meaning
causing this relationship is not clear for us. However, Jin et al., (2016) reported the same
finding by using experimental data for 21 core samples, and explained that the reasoning
behind the sensitivity of oil recovery to TOC might be due to the strong affinity which
kerogen has for oil. The wettability of kerogen’s surface is oil-wet so that CO2 would
face difficulty to displace the hydrocarbon molecules in the formations with a high
content of TOC. Thirdly, a histogram was used to visualize the distribution of the average
TOC in different Bakken formations, as shown in Figure 8A, which agrees with the
investigation by Jin et al. (2016), as shown in Figure 8B. It could be noticed that there is
a good agreement for the relationship between the average TOC content of each
formation with the oil recovery factor obtained by CO2 injection at that formation as
shown in Figure 6.
6.3 EFFECT OF MATRIX POROSITY
Firstly, a boxplot has been used to determine the five statistical values for the
porosity of shale cores as shown in Figure 9A. Secondly, a scatter plot has been used to
find out the relationship between the oil recovery obtained by CO2 injection and the core
samples porosity. The results confirm the diffusivity prediction which is that CO2-EOR
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performance increased with the increasing in formation porosity as shown in Figure 9B.
However, the results indicated that the relationship between the oil recovery extracted by
CO2 and the formation porosity is not significantly strong. We think that the enhancement
in the performance of CO2-EOR with the increasing in the porosity of the core samples
happens because the contact area between CO2 and the formation oil increased when the
formation porosity is large enough and vice versa. When the contact area between the
injected CO2 and formation oil increased, the CO2 effective diffusivity into formation oil
increased so CO2 would extract more oil by counter-current mechanism. This relationship
has a similarity with the relationship between formation permeability and the RF obtained
by CO2 injection. Thirdly, a histogram has been used to plot the average porosity for each
formation as shown in Figure 10A; a scatter plot has been used to find out the
relationship between the porosity of core samples and the core samples permeability. The
relationship between the porosity and permeability has a curvature shape, but it is not that
strong due to the high intensity of natural fractures in these types of formations as shown
in Figure 10B.
6.4 EFFECT OF MEAN PORE THROAT RADIUS
Firstly, a boxplot has been used to calculate the five statistical values for the mean
pore throat radius of shale cores samples as shown in Figure 11A. Secondly, a scatter plot
has been used to find out the relationship between the oil recovery obtained by CO2
injection (RF) and the mean pore throat radius of the core samples. The results confirm
the molecular diffusivity prediction which is that CO2-EOR performance increased with
the increasing in mean pore throat radius of the core samples as shown in Figure 11B.
However, the enhancement in RF with the increasing in the pore throat radius would be
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limited at a specific value of the pore throat radius. For the 95 cases investigated in this
study, the cutoff for the increasing in RF with the increasing in the pore throat radius was
approximately stopped at 18 ɳm. We think this happens due to the relative ratio of CO2
molecule size to the pore throat radius. Thirdly, a good relationship has been found
between the mean pore throat radius and TOC for all different formations as shown in
Figure 12A. The relationship between TOC and the mean pore throat radius for the
different formations investigated in this study indicated that as far as the pore throat
radius increased, the TOC decreased. This relationship between pore throat radius and the
TOC has a good consistency with the results that were reported by Jin et al., (2016) as
shown in Figure 12B.
6.5 EFFECT OF OIL SATURATION
Firstly, a boxplot has been used to find out the five statistical values for the oil
saturation of shale cores samples as shown in Figure 13A. Secondly, the scatter plot has
been used to find out the relationship between the oil recovery obtained by CO2 injection
(RF) and the oil saturation of the core samples. Surprisingly, the results indicated that
CO2-EOR performance decreased with the increase in the oil saturation as shown in
Figure 13B. However, the results indicated that the relationship between the oil recovery
extracted by CO2 injection and the oil saturation is not significantly strong. Thirdly,
histograms have been used to plot the average oil saturation for each formation as shown
in Figure 14A. The average oil saturation distribution for each formation obtained in this
study was compared with the results of the oil saturation distribution for different
formations which were reported by Jin et al., (2016) as shown in Figure 14B. It could be
noticed that the results of this study have a good agreement in the trend with the results
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reported by Jin et al., (2016) although our study has 95 cases while their study has 21
cases.
6.6 EFFECT OF WATER SATURATION
Firstly, a boxplot has been used to estimate the five statistical values for the water
saturation of shale cores samples as shown in Figure 15A. Secondly, the scatter plot has
been used to find out the relationship between the oil recovery obtained by CO2 injection
(RF) and the water saturation of the core samples. Surprisingly, the results indicated that
CO2-EOR performance increased with the increase in water saturation as shown in Figure
15B. However, the enhancement in RF with the increasing in the water saturation would
be limited at a specific value of water saturation. For the 95 cases which were
investigated in this study, the cut off for the increasing in RF with increasing in the water
saturation was approximately stopped at a water saturation of 30% as shown in Figure
16B. Thirdly, histograms have been used to plot the average water saturation for each
formation as shown in Figure 16A.
6.7 EFFECT OF EXPOSURE TIME
Firstly, a boxplot has been used to determine the five statistical values for the
exposure time applied between the core samples and the injected CO2 for the 95
experiments as shown in Figure 17A. Secondly, the scatter plot has been used to find out
the relationship between the oil recovery obtained by CO2 injection (RF) and the
exposing time. The results confirm the molecular diffusivity prediction which is that
CO2-EOR performance increased with the increase in the exposure time as shown in
Figure 17B. However, the relationship between the RF and exposing time is not strong
enough because most of the core samples had very small size. Therefore, the maximum
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RF from the core samples could be obtained at very short time under CO2 bathing as
shown in Figure 18.
6.8 EFFECT OF CORE-SAMPLE BULK VOLUME
Firstly, a boxplot has been used to determine the five statistical values for the bulk
volume of the core samples reported in the database of this study as shown in Figure
19A. Secondly, the scatter plot was used to find out the relationship between the oil
recovery obtained by CO2 injection (RF) and the core-sample bulk volume. The results
confirm the molecular diffusivity prediction which is that CO2-EOR performance would
be enhanced by using small bulk volumes of core-samples as shown in Figure 19B.
However, the relationship between the RF and core-sample bulk volume is not strong
enough (i.e. the R2 is very low). This weak relationship between RF and the bulk volume
of core samples happened because most of the core samples used in the experiment were
in very small size. Since very small chips of cores were used in the experiments data, the
contact area between the injected CO2 and the formation oil is so large, which results in
enhancing volume of the injected CO2 invaded into the formation oil.
6.9 EFFECT OF PRESSURE AND TEMPERATURE
Firstly, a boxplot was used to determine the five statistical values for CO2 bath
pressure and temperature which have been used in the reported experimental
investigations as shown in Figure 20. Secondly, the scatter plot has been used to find out
the relationship between the oil recovery obtained by CO2 injection (RF) and both of
injection pressure and temperature. The results indicated that CO2-EOR performance
increased slightly with the increase in both of injection temperature and pressure as
shown in Figure 21. However, the relationship between the RF and temperature as well as
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the RF versus pressure is not that significant (i.e. R2 is too low). This happens due to the
following two main reasons. First of all, the lab database for this study was gathered from
different resources, used different experimental designs. Secondly, the reported
experiments had been conducted under lab conditions of 230 oF and 5000 psi, Bakken
formation conditions. Therefore, there is no a wide range for the pressure and
temperature data so the relationship with oil recovery obtained by injecting CO2 would be
fully explored.
6.10 SENSITIVITY ANALYSIS
The purpose of Sensitivity Analysis (SA) is to determine how sensitive an
objective function to different parameters qualitatively and quantitively. Identifying the
parameters that have a high impact on CO2-EOR huff-n-puff performance in the lab scale
would give a good prediction for CO2-EOR success or failure depending on the reservoir
properties prior to the field application. Also, it would help in optimizing the operating
parameters in the field scale. In this study, Design of Experiments (DOE) for the factors
affecting the performance of CO2-EOR huff-n-puff process in lab scale was conducted by
using JMP® software (SAS, 2015). JMP® is a statistical tool which could be used for
determining the sensitivity of an objective function for different parameters. JMP® also
produces a variable-importance outputs which reflect the importance of factors in the
prediction model regardless of the fitting method. Several estimation methods for the
correlations options are available in JMP® software. JMP® estimates the parameters of
the model numerically through an iterative fitting process. The dispersion parameter is
also estimated by dividing the Pearson goodness‐of‐fit statistic by its degrees of freedom.
Covariances, standard errors, and confidence limits are computed for the estimated
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parameters based on the asymptotic normality of maximum likelihood estimators.
However, REML (restricted maximum likelihood) and Pairwise are the methods used
most frequently. REML was used in this study. REML estimates are less biased than the
ML (maximum likelihood) estimation method. The REML method also maximizes
marginal likelihoods based upon error contrasts. More info about the basics of this
technique and algorithms can be found in the reference SAS (2015).
In this study, the objective function used is the oil recovery factor obtained by
CO2 injection. The parameters investigated are porosity, permeability, TOC, mean pore
throat radius, oil saturation, water saturation, exposure time, injection pressure, CO2-bath
temperature, and core-sample bulk volume. The functionality of the oil recovery obtained
by CO2 injection to the 10 parameters listed previously has been fitted in a linear
regression model shown in Figure 22A. The sorted qualitative and quantitative effects for
all 10 parameters on RF obtained by CO2 injection are shown in Figure 22B. The results
clearly indicated that TOC and exposure time are the most effective parameters which
control RF obtained by CO2 injection as shown in Figure 22C. The results of this study
were compared with Jin et al., (2016) study results as shown in Figure 22D. The results
of this study have a good agreement with Jin et al., (2016) study results. However, they
did not consider the effect of the operating parameters. Also, they used only water
saturation instead of using both of oil saturation and water saturation in their model. In
their paper, they explained that using water saturation instead of using oil saturation was
due to the fact that the light components in the natural cores are evaporated with time.
Therefore, using water saturation will reflect inclusively the effect of oil saturation since
the water saturation has a good stability towards evaporation effects.
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7. CONCLUSIONS
• Data analysis has been applied on the reported experimental results obtained from 95
cases of naturally preserved core samples to investigate the feasibility of CO2-EOR in
shale-oil reservoirs.
• Although the CO2-EOR performance in lab scale is encouraging, the results of this
study investigated the effect of 10 parameters which could enhance or downgrade the
CO2-EOR performance in the microscale level.
• Design of Experiments reported that TOC and exposure time are the two main
parameters which control CO2-EOR success in shale reservoirs. The sensitivity of oil
recovery factor obtained by CO2 to the TOC might suggest that the CO2-EOR
mechanisms in shale-oil reservoir are different from its mechanisms in conventional
reservoirs.
• Since the diffusion flow is the most dominant flow in these Nano-pores formation, the
operating parameters for CO2-EOR would be different from its operating parameters
in conventional reservoirs. For example, according to the results of this study, CO2
needs to have a long exposure time with shale formations to perform better.
•

Molecular diffusion mechanism has a significant impact on CO2-EOR success in
shale oil reservoirs. Therefore, the results of this study are showing a good sensitivity
for the RF obtained by CO2 injection to the bulk size of core samples which had been
used in the reported experiments. As long as the size of core sample is small, CO2EOR performance is better as shown in Figure 19B. This means that CO2 needs a
high intensity of natural fractures to perform well in field scale.
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NOMENCLATURE
BPS

Bakken Petroleum System

DOE

Design of Experiments

EIA

Energy Information Administration

EOR

Enhanced Oil Recovery

IOR

Improved Oil Recovery

K

Permeability

LB

Lower Bakken Formation

MB

Middle Bakken Formation

OOIP

Original Oil In Place

RF

Oil Recovery Factor

SO

Oil Saturation

SW

Water Saturation

TF

Three Forks formation

TOC

Total Organic Carbon Content

UB

Upper Bakken

ULR

Unconventional Liquid Rich Reservoirs

Figure 1. Shale and tight oil production in North America (U.S. EIA, 2017)
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A- (Modified from Pu et al., 2016)

B- (Modified from Jin et al., 2016)

Figure 3. Map and schematic of BPS stratigraphy
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Figure 7. Effect of TOC (%)
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Figure 8. Average TOC (%) for each formation

54

A

B
Figure 9. Effect of formation porosity (%)
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Figure 11. The effect of mean pore throat radius (ɳm)
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Figure 12. TOC versus the mean pore throat radius for different formations
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Figure 13. The Effect of oil saturation (%)
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Figure 15. The effect of water saturation
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Figure 17. The Effect of exposure time (hr)

Figure 18. Effect of exposure time (hr) reported by Hawthorne et al. (2017)
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Figure 19. The Effect of core-sample bulk volume
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Figure 20. Boxplot for the injection pressure versus the lab temperature
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Figure 21. The effect of CO2 bath temperature
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Figure 22. Sensitivity analysis results for the factors affecting CO2-EOR in ULR
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Table 1. The common rock properties of BPS
Reservoir Characteristics

Common Quality

Common Quantity

References

Porosity (%)

Low

5-10

Permeability (md)
Temperature (oF)
Wettability

Ultralow
High
Poor

0.0001-0.1
240
Oil wet to intermediate

Natural Fracture Intensity #/ft
Grain Density g/cc
Drive mechanism
Oil Saturation (%)
Median pore radius (µm)

High
Usual
Poor
Good
Poor

0-32
2.55-2.75
Depletion
50-75
0.034- 0.010

Dominant Grain Size (µm)
Total Organic Content (wt%)
Reservoir Depths (ft)

Tiny
Rich
Deep

<62.5
0.1 to 5
5045-12150

Pressure (Psi)
Bulk Density g/cc
Net Thickness (ft)
Formation Type
Clay Content %

Abnormal
Usual
Intermediate
Complex
High

0.78
2.3-2.5
10–40
Silt, limestone, sand, shale
7-30%

SPE-178659-MS;
SPE-178489-PA
SPE-168915-MS
SPE-184486-STU
SPE-179688-MS;
URTeC: 2461651;
SPE-153853-PA
SPE-168915-MS
URTeC 2461651
SPE-171668-MS
SPE-179533-MS
SPE-179688-MS;
URTeC: 2461651
SPE-179533-MS
URTeC 2461651
URTeC: 2433692;
21-1921 WPC
SPE-169575-MS
URTeC 2461651
URTeC: 2433692
URTeC 1619698
URTeC 2461651;
SPE-180378-MS

Table 2. The common fluid properties of BPS
Fluids Properties

Common Quality

Common Quantity

Reference

Oil Density, API
Brine Specific Gravity
Saturation Pressure, psia
Contact Angle
Brine TDS, (mg/l)

Excellent
Heavy
High
High
High salinity

38-42
1.9
2500 to 3,403
81-142
228500-285,000

Oil Viscosity, cP

Very low

<4.2

Total Acid Number, KOH/g

Low

0.02-0.36

Crude Oil Polarity
Total Base Number, KOH/g

Favorable
Low

More Paraffinic
0.12-1.16

PH
GOR, SCF/STB

More Acidic
High

5.7
507-1712

MMP for CO2, Psi
IFT W/O (mN/m)

Achievable
High

2450 -2650
17.2-34

21-1921 WPC
SPE-171668-MS
SPE-175034-MS
URTeC 2461651
SPE-171668-MS;
SPE-178489-PA
URTeC: 2433692;
SPE-178489-PA
SPE-171668-MS;
URTeC 2461651
SPE-171668-MS
SPE-171668-MS;
URTeC 2461651
SPE-171668-MS
URTeC: 2433692;
SPE-171668-MS
SPE-175034-MS
URTeC 2461651
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Table 3. The proposed CO2 EOR mechanisms for improving oil recovery in ULR
CO2 mechanism

Approach tool

1-Molecular Diffusion
2-Reduction in Capillary forces
3-Repressurization
4-Extraction
5-Oil swelling and pressure maintenance
6-Oil Viscosity reduction
7-Combination of more than one mechanism from above

Lab
Lab and simulation
Lab
Lab
Lab and simulation
Lab and simulation
-
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ABSTRACT
In shale oil reservoirs, Improved Oil Recovery (IOR) methods are relatively
considered as new concepts compared with in conventional oil reservoirs. Different IOR
techniques were investigated by using lab experiments, numerical simulation studies, and
limited pilot tests. Unconventional IOR methods include injecting CO2, surfactant,
natural gas, and water. However, CO2 injection is the most investigated option due to
different reasons. CO2 has lower miscibility pressure with shale oils, and has special
properties in its supercritical conditions, and CO2 injection also solves greenhouse
problems. In this paper, numerical simulation methods of compositional models were
incorporated with LS-LR-DK (logarithmically spaced, locally refined, and dual
permeability) reservoir models and Local Grids Refinement (LGR) of hydraulic fractures
conditions to investigate the feasibility of CO2 injection in shale oil reservoirs. Different
mechanisms for CO2 interactions with organic surfaces, shale brine, and shale oil were
implemented in different scenarios of numerical models. Molecular diffusion
mechanisms, adsorption effects, and aqueous solubility effects were simulated in this
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study. In addition, linear elastic models and stress-dependent correlations were used to
consider geomechanics coupling effects on production and injection processes of CO2EOR in shale oil reservoirs. Some of the results for this simulation study were validated
by matching the performance of some CO2 fields’ pilots performed in Bakken formation,
in North Dakota and Montana portions.
This study found that some of the CO2-EOR pilot tests have a match with the
typical simulated diagnostic plots which have CO2 molecular-diffusion rate that is
significantly low. Furthermore, this research indicated that CO2 molecular diffusion
mechanism has a clearly positive effect on CO2-EOR in huff-n-puff protocol; however,
this mechanism has a relatively negative effect on continuous flooding mode of CO2EOR. Both of dissolution and adsorption mechanisms have a negative effect on CO2
performance in terms of enhancing oil recovery in unconventional formations.
Geomechanics coupling has a clear effect on CO2-EOR performance; however, different
geomechanics approaches have a different validity in these shale plays. Stress dependent
correlations gave the best match with the performance of CO2-EOR pilots performed in
Bakken formation while linear elastic models would give the best match in Eagle Ford
formation. This study explains the effects of different nano and macro mechanisms on the
performance of CO2-EOR in unconventional reservoirs since these plays are much
complex and very different from conventional formations. Also, general guidelines have
been provided in this study to enhance success of CO2-EOR in these types of reservoirs.
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1. INTRODUCTION

Unconventional Liquids Rich Reservoirs (ULR) have changed oil industry plans
recently due to the advancement in the horizontal drilling and hydraulic fracturing
technique. In the oil industry, ULR term is used to describe shale formations, very tight
reservoirs, and source rock formations (Alfarge et al., 2017b). ULR are characterized by
very small pore throats, micro to nano millimeters, and an ultralow permeability of micro
to nano Darcy. Although different studies reported that these ULR contain Billions of
recoverable oil barrels in place, the predicted oil recovery which could be obtained by the
primary depletion has been estimated to be less than 7% (Clark, 2009; Wang et al., 2016;
Sheng, 2015). The production sustainability is the main problem behind the low oil
recovery in these unconventional reservoirs (Alfarge et al., 2017b). After the typical oil
well in ULR starts with a high production rate, it shows a steep decline rate in the first 35 years of the production life (Alfarge et al., 2017b). The fast depletion in the natural
fractures combined with a slow recharge from the rock matrix (the storage) has been
reported to be the main reason behind the quick decline in the oil production rate in ULR
wells (Yu et al., 2014).
Although IOR methods are well understood in conventional reservoirs, they are
new concept in the unconventional formations. The logic steps of the academic research
such as experimental investigations, simulation studies, and pilot tests for examining the
applicability of different unconventional IOR methods have just started over the last
decade (Alfarge et al., 2017b). It is known that applying one of the feasible IOR methods
in most of the oil reservoirs should be mandatory to increase the oil recovery factor.
However, the mechanisms of IOR methods in unconventional reservoirs would not
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necessarily be the same as in the conventional reservoirs (Alfarge et al., 2017b). The
main characteristics of unconventional reservoirs which might impair performing any
IOR project are the low porosity and the ultralow permeability; therefore, seeking for the
IOR methods which are insensitive to these very small pore throats was the priority
(Alfarge et al., 2017b).
Alfarge et al., (2017a) reviewed more than 70 reports and studies which have
been conducted to investigate the applicability of different IOR methods in different
unconventional formations of North America. Their review recommended that the most
feasible IOR techniques to be applied in ULR are miscible gases, surfactant, and lowsalinity water flooding. Miscible-gases based EOR is the best technique among other
EOR methods which have been recommended to be applied in ULR (Alfarge et al.,
2017b). CO2-EOR is in the top of the miscible-gases EOR list to be applied in shale oil
reservoirs. Some researchers reported that the main mechanism by which CO2 extracts
oils from shale core samples in the lab scale is the molecular diffusion mechanism.
However, other researchers reported that oil swelling, viscosity reduction, and
repressurization are the main mechanisms by which CO2 extracts oils from conventional
core samples. Therefore, this study tried to combine numerical simulation methods with
some of CO2-EOR pilot tests in shale formations to understand the main mechanisms
which are more dominated to control CO2-EOR performance in the field scale level of
unconventional formations. This study would also identify how CO2-EOR mechanisms
are different in lab scale versus field scale.
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2. THEORY
2.1 FLOW TYPE IN UNCONVENTIONAL RESERVOIRS
It is known that gravity drainage, physical diffusion, viscous flow, and capillary
forces are the common forces which control the fluids flow in the porous media.
However, one force might overshadow the contributions of other forces depending on the
reservoir properties and operating conditions (Alfarge et al., 2017b). Molecular diffusion
is defined as the movement of molecules caused by Brownian motion or composition
gradient in a mixture of fluids (Mohebbinia and Wong, 2017). This type of flow is the
most dominated flow in the fractured reservoirs with a low-permeability matrix when
gravitational drainage is inefficient (Mohebbinia and Wong, 2017; Moortgat and
Firoozabadi, 2013). It has been noticed and proved that gas injection is the most common
EOR process affected by the molecular-diffusion considerations (Hoteit and Firoozabadi,
2009; Mohebbinia et al., 2017). Ignoring or specifying incorrect diffusion rate during the
simulation process can lead to overestimate or underestimate the oil recovery caused by
the injected gas (Alfarge et al., 2017b). This happens not only due to the variance in the
miscibility-process between the injected-gas and the formation-oil but also due to the
path change for the injected gas species from the fractures to the formation-matrix
(Alfarge et al., 2017b). The Péclet number (Pe) is a class of dimensionless numbers
which has been widely used to measure the relative importance of molecular diffusion
flow to the convection flow. This number can be calculated as shown in Eq. 1. If Pe
number is less than 1, the molecular diffusion is the dominant flow; however, if Pe is
greater than 50, convection is the dominant flow. The dispersion flow is dominant when
Pe is in a range of 1 to 50 (Hoteit and Firoozabadi, 2009).
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Pe =

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
= (𝐿𝐿2 /𝐷𝐷)/(𝐿𝐿/𝑣𝑣) = 𝐿𝐿𝐿𝐿/𝐷𝐷
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(1)

Where v is the bulk velocity, L is a characteristic length, and D is the molecular
diffusion coefficient.
2.2 MOLECULAR DIFFUSION
Several studies in the literature reported different mechanisms to explain the
ability of the injected CO2 to improve oil recovery in unconventional reservoirs as shown
in Table 1 (Alfarge et al., 2017b). However, since the matrix permeability in these
unconventional reservoirs is in a range of (0.1 –0.00001 mD), CO2 would not be
transported by convection flux from fracture to matrix (Yu et al., 2014). The main
transportation method for the injected CO2 would be depending on the difference in the
concentration gradient between the concentration of CO2 in the injected gases and the
concentration of CO2 in the target-oil. This process of transportation is subjected to
Fick’s law. The mechanism which is responsible for this process is called the molecular
diffusion mechanism (Alfarge et al., 2017b). The molecular diffusion process would be
more dominated in the tight reservoirs with a significant heterogeneity (Alfarge et al.,
2017b). Hawthorne et al., (2013) extensively investigated the CO2 diffusion-mechanism
in Bakken cores and they proposed five conceptual-steps to explain it. Those conceptual
steps include: (1) CO2 flows into and through the fractures, (2) an unfractured rock
matrix is exposed to CO2 at fracture surfaces, (3) CO2 permeates the rock driven by
pressure, carrying some hydrocarbon inward; however, the oil is also swelling and
extruding some oil out of the pores, (4) oil migrates to the bulk CO2 in the fractures via
swelling and reduced viscosity, and (5) as the CO2 pressure gradient gets smaller,
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oil production is slowly driven by concentration-gradient diffusion from pores into
the bulk CO2 in the fractures. The importance of considering this mechanism is also
depending on the type of injected gases (Alfarge et al., 2017b). For example, the shale oil
has a high concentration of light components such as methane. In the same time, the shale
oil has a low concentration of CO2. Therefore, considering this mechanism in the
simulation process for the injected CO2 has a significant effect on the obtained oil
recovery. However, considering this mechanism in the simulation process for the injected
methane has a minor effect on the obtained oil recovery. The effect of the binary
molecular diffusion between the injected CO2 and the shale oil would be simulated in this
work by using two different experimental correlations conducted by Sigmund (1976a;
1976b) and Wilke-Chang (1955). The following polynomial equation was fitted with
Sigmund (1976a; 1976b) experimental results.
𝐷𝐷𝑖𝑖𝑖𝑖 =

0
𝜌𝜌𝑘𝑘0 𝐷𝐷𝑖𝑖𝑖𝑖

𝜌𝜌𝑘𝑘

3
2
(0.99589 + 0.096016𝜌𝜌𝑘𝑘𝑘𝑘 − 0.22035𝜌𝜌𝑘𝑘𝑘𝑘
+ 0.032874𝜌𝜌𝑘𝑘𝑘𝑘

(2)

Where Dij is the binary diffusion coefficient in unit of cm2/s between component i and j
in the mixture, 𝜌𝜌𝑜𝑜 𝐷𝐷𝑖𝑖𝑖𝑖𝑜𝑜 is the zero-pressure limit of the density-diffusivity product, ρk is the
density of the diffusion mixture in kg/m3, 𝜌𝜌𝑘𝑘𝑘𝑘 is the reduced density which can be

calculated by Eq. 3, and the subscript k denotes the phase which could be water, oil, or
gas. In the simulator, the product of mixture density and diffusion coefficient can be
calculated by Eq. 4 and the diffusion coefficient of component i in the mixture can be
calculated by Eq. 5.
𝜌𝜌𝑘𝑘𝑘𝑘 = 𝜌𝜌𝑘𝑘

𝑛𝑛

5/3

∑𝑖𝑖 𝑐𝑐 𝑦𝑦𝑖𝑖𝑖𝑖 𝑣𝑣𝑐𝑐𝑐𝑐

2/3

∑𝑛𝑛𝑛𝑛
𝑖𝑖 𝑦𝑦𝑖𝑖𝑖𝑖 𝑣𝑣𝑐𝑐𝑐𝑐

(3)
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Where yik is the mole fraction of i species in phase k; and vci is the critical volume
of i species.
𝜌𝜌𝑘𝑘0 𝐷𝐷𝑖𝑖𝑖𝑖0 =

0.18583 𝑇𝑇 0.5
2 ℧ 𝑅𝑅
𝜎𝜎𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖

1

1

∙ {𝑀𝑀 + 𝑀𝑀 }0.5
𝑖𝑖

(4)

𝑗𝑗

Where R is the universal gas constant, T is the temperature; M is the molecular weight,
𝜎𝜎𝑖𝑖𝑖𝑖2 is the collision diameter between i and j, and ℧𝑖𝑖𝑖𝑖 is the collision integral of the
Lenard-Jones potential.

𝐷𝐷𝑖𝑖 = ∑

1−𝑦𝑦𝑖𝑖

(5)

−1
𝑖𝑖≠𝑗𝑗 𝑦𝑦𝑖𝑖 𝐷𝐷𝑖𝑖𝑖𝑖

Where Di is the diffusion coefficient of component i in the mixture and yi is the mole
fraction of component i. In the above equations, the collision diameter 𝜎𝜎𝑖𝑖𝑖𝑖2 and the
collision integral ℧𝑖𝑖𝑖𝑖 of Lennard Jones potential are related to the component critical
properties through the following equations (Reid et al., 1977):
𝑇𝑇

𝜎𝜎𝑖𝑖 = (2.3551 − 0.087𝜔𝜔𝑖𝑖 ∙ {𝑃𝑃𝑐𝑐𝑐𝑐 }1/3
𝑐𝑐𝑐𝑐

𝜀𝜀𝑖𝑖 = 𝐾𝐾𝐵𝐵 (0.7915 + 0.1963𝜔𝜔𝑖𝑖 )𝑇𝑇𝑐𝑐𝑐𝑐
𝜎𝜎𝑖𝑖𝑖𝑖 =

𝜎𝜎𝑖𝑖+ 𝜎𝜎𝑗𝑗
2

𝜀𝜀𝑖𝑖𝑖𝑖 = �𝜀𝜀𝑖𝑖 𝜀𝜀𝑗𝑗

𝑇𝑇𝑖𝑖𝑖𝑖∗ =

𝐾𝐾𝐵𝐵
𝜀𝜀𝑖𝑖𝑖𝑖

℧𝑖𝑖𝑖𝑖 = 1.06306{𝑇𝑇𝑖𝑖𝑖𝑖∗ }−0.1561 + 0.193exp(−0.47635 𝑇𝑇𝑖𝑖𝑖𝑖∗ )

+1.03587 exp �−1.52996 𝑇𝑇𝑖𝑖𝑖𝑖∗ � + 1.76474exp(−3.89411 𝑇𝑇𝑖𝑖𝑖𝑖∗ )
Where KB is the Boltzmann’s constant (=1.3805E-16 ergs/K).

(6)
(7)
(8)
(9)
(10)

(11)
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The second method is Wilke-Chang correlation (1955); in which the diffusion
factor,

𝐷𝐷𝑖𝑖 𝜇𝜇
𝑇𝑇

, is correlated with molar volume of solutes and molecular volume of solvents

based on different experimental data. The following equation fitted their experimental
data:
𝐷𝐷𝑖𝑖 =

Where: 𝑀𝑀𝑖𝑖′ =

7.4𝐸𝐸−8(𝑀𝑀𝑖𝑖′ )0.5 𝑇𝑇

(12)

0.6
𝑀𝑀 𝑣𝑣𝑏𝑏𝑏𝑏

∑𝑗𝑗≠𝑖𝑖 𝑥𝑥𝑗𝑗 𝑀𝑀𝑗𝑗
1−𝑥𝑥𝑖𝑖

, 𝑣𝑣𝑏𝑏𝑏𝑏 = 0.285𝑣𝑣𝑐𝑐1.048 , Di is the diffusion of component I in the

mixture, 𝑀𝑀𝑖𝑖′ is the molecular weight of solvent, T is the temperature, 𝜇𝜇 is the viscosity,

and 𝑣𝑣𝑏𝑏𝑏𝑏 is the partial molar volume of component in i at the boiling point, xi is the mole
fraction of component i, Mj is the molecular weight of component j, and vc is the critical
volume.
2.3 DISSOLUTION
The general trapping mechanisms which are responsible for immobilization of
CO2 in geological media such as dissolution, residual, and mineral trapping have not been
clearly investigated in the previous studies. In this study, the aqueous solubility for CO2
has been considered. Henry law has been used to simulate the dissolution effects on CO2EOR performance. Pressure, temperature, and salinity effects have been considered on
solubility of CO2 in shale brine. Harvey correlation has been used to calculate Henry law
constant to estimate the real CO2 solubility in shale brine.
According to Li and Nghiem (1986), calculating the dissolution of the component
i in the reservoir fluid can be done by Henry’s law as follows:
𝑓𝑓𝑖𝑖𝑖𝑖 = 𝑦𝑦𝑖𝑖𝑖𝑖 𝐻𝐻𝑖𝑖

(13)
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Where: 𝑓𝑓𝑖𝑖𝑖𝑖 is the fugacity of component i in aqueous phase, 𝑦𝑦𝑖𝑖𝑖𝑖 is mole fraction

of component i in the aqueous phase, and 𝐻𝐻𝑖𝑖 is the Henry’s constant of component i. To

make 𝑓𝑓𝑖𝑖𝑖𝑖 equals to the fugacity of component i in the gas phase 𝑓𝑓𝑖𝑖𝑖𝑖 , the aqueous phase
and the gaseous phase are assumed in thermodynamic equilibrium (Kim et al., 2015). 𝑓𝑓𝑖𝑖𝑖𝑖

could be computed from Peng and Robinson (1976) equation of state. The Henry’s
constant 𝐻𝐻𝑖𝑖 at any pressure and temperature is calculated by the following equation
(Stumm and Morgan, 1996).

ln 𝐻𝐻𝑖𝑖 = ln 𝐻𝐻𝑖𝑖∗ +

𝑣𝑣𝑖𝑖− (𝑝𝑝−𝑝𝑝∗ )
𝑅𝑅𝑅𝑅

(14)

Where 𝐻𝐻𝑖𝑖∗ is the Henry constant for component i at reference pressure 𝑝𝑝∗ , 𝑣𝑣𝑖𝑖− is

the partial molar volume of component i, 𝑝𝑝∗ is the reference pressure, R is the universal
gas constant, and T is the temperature.

2.4 MULTI-COMPONENT ADSORPTION
Some studies reported that CO2 is preferably adsorbed in organic shale in contrast
to methane; 5 times stronger than CH4 (Kim et al., 2015). Since shale oil has a high mole
fraction of methane, injecting CO2 might enhance shale oil recovery by adsorption
effects. Therefore, CO2 adsorption has been simulated in this research. Multicomponent
Extended Isothermal Langmuir coefficients method has been used to simulate the
adsorption effects on CO2-EOR in shale oil reservoirs. The following equation has been
used to calculate CH4 and CO2 binary gas sorption:
𝜔𝜔𝑖𝑖 =

𝜔𝜔𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 𝐵𝐵𝑖𝑖 𝑦𝑦𝑖𝑖𝑖𝑖 𝑃𝑃
1+𝑃𝑃 ∑𝑖𝑖 𝐵𝐵𝑗𝑗 𝑦𝑦𝑗𝑗𝑗𝑗

(15)
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Where 𝜔𝜔𝑖𝑖 is the moles of adsorbed component i per unit mass of rock, 𝜔𝜔𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 is

the maximum moles of adsorbed component i per unit mass of rock, 𝐵𝐵𝑖𝑖 is the parameter

for Langmuir isotherm relation, 𝑦𝑦𝑗𝑗𝑗𝑗 is the molar fraction of adsorbed component i in the
gas phase, and P is the pressure.

2.5 COUPLING GEOMECHANICS WITH RESERVOIR FLOW MODEL
To simulate the geomechanics effects in shale reservoirs, this study has combined
stress-dependent correlations with a linear-elastic constitutive model. To mimic the
reduction in the porosity and permeability of formation matrix, natural fractures, and
hydraulic fractures during production and injection process, different stress-dependent
porosity and permeability correlations have been combined with linear-elastic
constitutive models in this study. Firstly, exponential correlation has been applied to
compute stress-dependent properties as shown in Eq. 16 and Eq. 17.
𝜙𝜙 = 𝜙𝜙0 𝑒𝑒𝑒𝑒𝑒𝑒−𝑎𝑎(𝜎𝜎

′ −𝜎𝜎 ′ )
0

𝐾𝐾 = 𝐾𝐾0 𝑒𝑒𝑒𝑒𝑒𝑒−𝑎𝑎(𝜎𝜎

′ −𝜎𝜎 ′ )
0

(16)

(17)

where σ′ is the effective stress; a and b are experimental coefficients. The
subscript 0 indicates the initial state. Experimental coefficients were gathered from the
literature for Bakken formation. Cho et al. (2013) reference can be reviewed for more
details about these coefficients. As a result, porosity and permeability multiplier for both
matrix and fractures have been computed. Then, these porosity and permeability
multipliers have been coupled to the reservoir fluids flow simulator via inserting tables.
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Secondly, two linear-elastic constitutive models have been simulated to consider
different aspects of geomechanics effects. These models are the following:
(1) 3D Two Way Coupling (Iterative coupled approach): In this approach, the
geomechanics calculations are performed one step behind the reservoir flow
calculations. In this type of coupling, the data calculated in the reservoir simulator
and in the geomechanics module would exchange back and forth (CMG). As a
result, the reservoir flow simulation process would be affected by the
geomechanics responses. The systematic procedure for this type of coupling is
shown in Figure 1.
(2) 3D One Way Coupling (Explicit coupled approach): This method is considered
as a special case of the iterative coupled approach where the information
from a reservoir flow simulator is sent to a geomechanics
the

module, but

calculations in the geomechanics module are not sent back to the reservoir

simulator (Tran et al., 2005). As a result, the reservoir flow model would not be
affected by the geomechanics responses calculated in the geomechanics module.
This method is useful when an empirical model for compaction/dilation is used in
the reservoir flow simulator to match the observed pressure in the field. Then, the
geomechanics module would be used to calculate the actual deformation in the
field (Tran et al., 2005). The systematic procedure for this type of coupling is
shown in Figure 1.
Most of the previous numerical simulation studies in this area assume that the
porous media, and thereafter the numerical grids, do not deform or move on a bulk basis
(Tran et al., 2005). Each grid cell bulk volume Vb will remain constant at its original
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value, 𝑉𝑉𝑏𝑏𝑜𝑜 . Accordingly, the changes happening in pore volume are merly due to the

changers in pore diameters, without any changes in the pore centers themselves moving
in space (Tran et al., 2005). In contrast to previous numerical simulation studies which
ignore any bulk medium movement accompanying to the rock expansion and contraction,
this study has accounted for the fact that the porous media deform and move to some
extent. Commonly, the local deformation of the porous media is expressed as a change in
(𝑉𝑉𝑏𝑏𝑜𝑜 −𝑉𝑉𝑏𝑏 )

bulk volume Vb. As a result, the volumetric strain would be, 𝜀𝜀𝑣𝑣 =

𝑉𝑉𝑏𝑏𝑜𝑜

. The basics for

coupling these linear-elastic constitutive models with our flow model start with the
continuity equation in a deformable medium as shown in Eq.18.
𝜕𝜕

𝜕𝜕𝜕𝜕

𝑛𝑛

𝑘𝑘

𝑝𝑝
�𝜌𝜌𝑓𝑓 ∅ (1 − 𝜀𝜀𝑣𝑣 )� − ∇. �∑𝑗𝑗=1
𝜌𝜌𝑓𝑓 𝜇𝜇 �∇𝑝𝑝 − 𝜌𝜌𝑓𝑓 𝑏𝑏�� = 𝑄𝑄𝑓𝑓

Where ∅ is the true porosity which is defined as follows:
𝜙𝜙 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

(18)

𝑉𝑉𝑝𝑝

= 𝑉𝑉

𝑏𝑏

(19)

The volumetric strain in Eq. 18 reflects the changes in the bulk volume of the
porous media. These changes in the bulk volumes of the porous media are ignored in the
conventional simulation methods. To consider 𝜀𝜀𝑣𝑣 in a conventional simulator, different
porosity (called reservoir porosity) needs to be defined as:
𝜙𝜙 ∗ = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝑉𝑉𝑝𝑝

= 𝑉𝑉

𝑏𝑏

(20)

By comparing Eq. 19 and Eq. 20, we can produce Eq. 21:
𝜙𝜙 ∗ = (1 − 𝜀𝜀𝑣𝑣 )∅

(21)
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Substituting Eq. 21 into Eq. 18 would give:
𝑛𝑛

𝜕𝜕

𝑘𝑘

𝑝𝑝
�𝜌𝜌𝑓𝑓 𝜙𝜙 ∗ � − ∇. �∑𝑗𝑗=1
𝜌𝜌𝑓𝑓 𝜇𝜇 �∇𝑝𝑝 − 𝜌𝜌𝑓𝑓 𝑏𝑏�� = 𝑄𝑄𝑓𝑓
𝜕𝜕𝜕𝜕

(22)

Strain displacement relations can be defined depending on the definition of strain
and rotation caused by moving a rigid body (Jabbari et al., 2015). To explain how the
geomechanics effects would be reflected in this task, we need to start with the force
equilibrium equation:
∇. 𝜎𝜎 − 𝜌𝜌𝑟𝑟 𝐵𝐵 = 0

(23)

Where 𝜎𝜎 is the stress tensor and B is the force per unit mass that accounts for

gravity.

Let u be the displacement vector which is the shortest distance from the initial to
the final position of a point on a particular body with a symmetric matrix. Hence, the
gradient of the displacement vector u can be decomposed as:
1

1

∇𝑢𝑢 = 2 [𝛻𝛻𝛻𝛻 + 𝛻𝛻𝛻𝛻𝑇𝑇 ] + 2 [𝛻𝛻𝛻𝛻 + 𝛻𝛻𝛻𝛻𝑇𝑇 ]

(24)

Where the superscript ‘T’ denotes the matrix transpose. On the right hand of the
Eq. 24, the first term is a symmetric matrix equivalent to the strain tensor 𝜀𝜀, which is a

result of changing length or shape within a body. The second term is a skew-symmetric

matrix equivalent to the rotation tensor R, which is a result of moving a rigid body (Kim
et al., 2015). Therefore,
1

𝜀𝜀 = 2 [𝛻𝛻𝛻𝛻 + 𝛻𝛻𝛻𝛻𝑇𝑇 ]

(25)
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1

𝑅𝑅 = 2 [𝛻𝛻𝛻𝛻 + 𝛻𝛻𝛻𝛻𝑇𝑇 ]

(26)

In Eq. 23, the stress is the total stress tensor. In reality, only the effective stress
can affect the strength of solid grains in the porous media (Tran et al., 2005). The total
stress and effective stress can be related by the following equation:
𝜎𝜎 = 𝜎𝜎 ′ + 𝛼𝛼 𝑝𝑝 𝐼𝐼

(27)

Where 𝛼𝛼 is Biot’s coefficient, P is the pore pressure, and I is the identity matrix.
The constitutive relationship between stress, strain, and temperature in the
geomechanics process in one dimension can be written in the following equation:
𝜎𝜎 ′ = 𝐸𝐸(𝜀𝜀 − 𝛽𝛽𝑟𝑟 ∆𝑡𝑡)

(28)

Where E is the Young’s modulus and 𝛽𝛽𝑟𝑟 is the linear thermal expansion

coefficient of the solid rock.

For multiple dimensions, the general constitutive relation is:
𝜎𝜎 ′ = 𝐶𝐶: 𝜀𝜀 − 𝜂𝜂∆𝑇𝑇𝑇𝑇

(29)

Where C is the tangential stiffness tensor (equivalent to Young’s modulus in 1 D
𝐸𝐸𝛽𝛽

𝐸𝐸𝛽𝛽

𝑟𝑟
𝑟𝑟
linear case), and 𝜂𝜂 = (1−2𝑣𝑣)
for 3D and plane strain while 𝜂𝜂 = (1−𝑣𝑣)
for plane stress. By

substituting equations (22), (24), (26) into Eq. 23, the displacement equation results as
follows:
1

∇. �𝐶𝐶: 2 (𝛻𝛻𝛻𝛻 + (𝛻𝛻𝛻𝛻)𝑇𝑇 )� + ∇. [(𝛼𝛼𝛼𝛼 − 𝜂𝜂∆𝑇𝑇)𝐼𝐼] = 𝜌𝜌𝑟𝑟 𝐵𝐵

(30)
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The displacement equation (Eq. 30) depends upon primary unknowns which are P,
T, and vector u, along with intermediate unknowns which are reservoir porosity (𝜙𝜙 ∗ ) and

permeability tensor (K) (Tran et al., 2005). According to the proposal of this study, the
reservoir porosity would be function of three variables (pore pressure, temperature, and
mean stress) while the previous conventional simulation studies made the reservoir
porosity is only function of the first two parameters. Therefore, in the simulation process
of the cases which have been simulated in this work, the porosity is calculated as follows:
∅∗𝑛𝑛+1 = ∅∗𝑛𝑛 + 𝐶𝐶𝑛𝑛0 ∆𝑝𝑝 + 𝐶𝐶𝑛𝑛1 ∇𝑇𝑇

(31)

The parameters of Eq.31 are as follow:
𝐶𝐶𝑛𝑛0 = (𝑐𝑐0 + 𝑐𝑐2 𝑎𝑎1 )𝑛𝑛

1

𝑑𝑑𝑑𝑑𝑝𝑝

𝐶𝐶𝑛𝑛1 = (𝑐𝑐1 + 𝑐𝑐2 𝑎𝑎2 )𝑛𝑛

𝐶𝐶0 = 𝑉𝑉 0 [ 𝑑𝑑𝑑𝑑 + 𝑉𝑉𝑏𝑏 𝛼𝛼𝑐𝑐𝑏𝑏
𝑏𝑏

𝑑𝑑𝑑𝑑𝑚𝑚

𝑑𝑑𝑑𝑑

+ 𝑉𝑉𝑝𝑝 𝛽𝛽𝑝𝑝 𝑑𝑑𝑑𝑑]

𝑑𝑑𝑑𝑑
𝑉𝑉

𝑐𝑐1 = − 𝑉𝑉𝑏𝑏0 𝛽𝛽𝑝𝑝
𝑏𝑏

𝑉𝑉

𝐶𝐶2 = − 𝑉𝑉𝑏𝑏0 𝛼𝛼𝑐𝑐𝑏𝑏
𝑏𝑏

2 𝐸𝐸

𝑎𝑎1 = Γ{9 1−𝑣𝑣 (𝑐𝑐𝑏𝑏 − 𝑐𝑐𝑟𝑟 )}
2 𝐸𝐸

𝑎𝑎2 = Γ{9 1−𝑣𝑣 𝛽𝛽

(32)
(33)

(34)

(35)

(36)

(37)

(38)
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The coefficients 𝐶𝐶𝑛𝑛0 and 𝐶𝐶𝑛𝑛1 are analogous in form to the formation compressibility

and thermal expansion coefficient respectively (Tran et al., 2005); these coefficients
contain that information but also reflect the geomechanics response corresponding to the

pressure and temperature changes. On the other hand, the permeability tensor (K) is
indirectly related to porosity as follows:
𝜙𝜙 ∗ = 𝜙𝜙 ∗ (𝜙𝜙, 𝜀𝜀𝑣𝑣 )

(39)

𝐾𝐾 = 𝐾𝐾(𝜙𝜙 ∗ )

(40)

However, there are some other approaches to link the permeability to the
volumetric strain as follows:
𝑘𝑘

ln �𝑘𝑘 � = 𝑐𝑐𝑛𝑛1 𝜀𝜀𝑣𝑣

(41)

0

Where k and K0 are the permeability at current and initial conditions, and 𝑐𝑐𝑛𝑛1 is a

parameter determined from laboratory experiments.

A-One way Coupling

B- Two Way Coupling

Figure 1. The systematic procedure for both types of geomechanics coupling
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3. COMPOSITIONAL MODELS FOR THE FORMATION FLUIDS
In this study, the same compositional model presented in Alfarge et al., (2017b)
work was constructed to represent Bakken oil compositions. The oil used in this model
has 42 API degree, 725 SCF/STB, and 1850 psi as oil gravity, gas oil ratio, and bubble
point pressure respectively. It is known that compositional models are the most timeconsumed models’ due to the large number of components in the typical formation oil. In
our model, we have 34 components so that would take a long time for the simulator to
complete running one scenario. The common practice in the numerical simulations for
such situation is the careful lump for the reservoir oil components into a short
representative list of pseudo-components. These pseudo components could be acceptable
if they have matched with the laboratory measured phase behavior data. The supplied
data for such compositional models need to have a description of associated single carbon
numbers and their fractions, saturation pressure test results, separator results, constant
composition expansion test results, differential liberation test results, and swelling test
results. These steps can be used for tuning the EOS to match the fluid behavior.
WinProp-CMG was used to lump the original 34 components into 7 pseudo components
as shown in Table 2. WinProp is an Equation‐of‐State (EOS) based fluid behavior and
PVT modeling package. In WinProp, the laboratory data for fluids can be imported and
an EOS can be tuned to match the physical behavior for the lab data. Fluid interactions
can be predicted and a fluid model can be then created for the use in CMG software.
Table 3 presents the Peng-Robinson EOS fluid description and binary interaction
coefficients of the Bakken crude oil with different injected gases. Figure 3 represents the
two-phase envelope for the Bakken oil which was generated by using WinProp-CMG.
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4. RESERVOIR MODELING
The same reservoir model presented in Alfarge et al., (2017b) was constructed in
this study. LS-LR-DK (logarithmically spaced, locally refined, and dual permeability)
model has been constructed to simulate Bakken formation. The LS-LR-DK method can
accurately simulate the fluid flow in fractured shale-oil reservoirs (Wan and Sheng,
2015). In this study, we tried to build a numerical model which has the typical fluid and
rock properties of the Bakken formation areas which handled some of CO2-EOR pilot
tests. Then, both of the models, LS-LR-DK model and fluid model, have been combined
to simulate compositional interactions of the reservoir fluid and the injected CO2 during
enhanced oil recovery processes. In the models of this study, we injected CO2 as Huff-nPuff process with the same operating parameters in which the pilot test conducted
through a hydraulically fractured well. Most of the mechanisms proposed in Table 3 of
paper 1 have been considered in this model. In this field case study, the production well
was stimulated with 5 hydraulic fractures. The spacing between the hydraulic fractures is
200 ft. The simulated model includes two regions which are stimulated reservoir volume
(SRV) and un-stimulated reservoir volume (USRV) as shown in Figure 2. The
dimensions of the reservoir model are 2000 ft x 2000ft x42 ft, which corresponds to
length, width, and thickness respectively. The dimensions of the fractured region are 5
fractures with a half-length of 350 ft in J direction, width 0.001 ft in I direction, and a
fracture height of 42 ft in K direction. Fracture conductivity is 15 mD.ft. The other model
input parameters are shown in Table 1.

85

A-Average Pressure

B- A closed view for SRV

Figure 2. Average pressure in Bakken and a closed view for SRV

Table 1. Model input parameters for the base case
Parameter
The model dimensions
Production time
Top of reservoir
Reservoir temperature
Reservoir pressure
Initial water saturation
Total compressibility
Matrix permeability
Matrix porosity
Horizontal well length
Total number of fractures
Fracture conductivity
Fracture half-length
Fracture Height

value
2000x2000x42
20
8000
240
7500
0.3
1x10-6
0.005
0.085
1000
5
15
350
42

Unit
ft
year
ft
o
F
psi
value
psi-1
mD
value
ft
value
mD-ft
ft
ft

86

Table 2. Compositional data for the Peng-Robinson EOS in the model oil
Component

Mole fraction

Critical pressure

Critical Temp.

Acentric Factor

Molar Weight

(atm)

(K)

0

7.28E+01

3.04E+02

0.225

4.40E+01

N2-CH4

0.2704

4.52E+01

1.90E+02

0.0084

1.62E+01

C2H-NC4

0.2563

4.35E+01

4.12E+02

0.1481

4.48E+01

IC5-CO7

0.127

3.77E+01

5.57E+02

0.2486

8.35E+01

CO8-C12

0.2215

3.10E+01

6.68E+02

0.3279

1.21E+02

C13-C19

0.074

1.93E+01

6.74E+02

0.5672

2.20E+02

C20-C30

0.0508

1.54E+01

7.92E+02

0.9422

3.22E+02

CO2

(g/gmole)

Table 3. Binary interaction coefficients for Bakken oil
Component

CO2

N2-CH4

C2H-NC4

IC5-CO7

CO8-C12

C13-C19

CO2
N2-CH4

1.01E-01

C2H-NC4

1.32E-01

1.30E-02

IC5-CO7

1.42E-01

3.58E-02

5.90E-03

CO8-C12

1.50E-01

5.61E-02

1.60E-02

2.50E-03

C13-C19

1.50E-01

9.76E-02

4.24E-02

1.72E-02

6.70E-03

C20-C30

1.50E-01

1.45E-01

7.79E-02

4.27E-02

2.51E-02

6.00E-03
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Figure 3. The two-phase envelope for Bakken oil

5. RESULTS AND DISCUSSION
5.1 MOLECULAR DIFFUSION EFFECT
Different scenarios have been simulated in both of huff-n-puff scenarios and
flooding processes. The results indicated that considering molecular diffusion mechanism
has a positive effect on CO2-EOR performance in huff-n-puff process as shown in Figure
4A. This is happening because considering molecular diffusion mechanisms would help
CO2 to invade the shale matrix instead of concentrating in natural fractures only as shown
in Figure 5 and Figure 6. However, considering molecular diffusion mechanism has a
negative effect on CO2-EOR performance in continuous injection process as shown in
Figure 4B. The reason for why molecular diffusion mechanism has a negative effect on
CO2-EOR performance in flooding process is due two main issues: (1) In the flooding
process, the reservoir pressure resulted from injection process is usually way higher than
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MMP required for CO2 as shown Figure 9. This lead to downgrade the performance of
CO2-EOR in naturally fractured reservoirs because the best CO2-EOR performance could
be achieved at injection pressure which is in below to near miscible conditions. This
conclusion is very well consistent with conclusions of Hoteit and Firoozabadi (2009). (2)
The second reason is that considering molecular diffusion mechanism would not help in
re-distributing the injected CO2 between natural fractures and shale matrix in the time
frame of injection process in flooding mode as shown in Figure 7 and Figure 8. CO2
molecular diffusion mechanism in the continuous injection process could help in
improving oil recovery, but it needs longer time to do so.

A-Huff-n-Puff

(B) Flooding

Figure 4. Effect of molecular diffusion mechanism on CO2-EOR in ULR
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(A) Natural fractures

(B) Shale Matrix

Figure 5. The distribution of the CO2 in Huff-n-Puff process (Without Diffusion)

(A)Natural fractures

(B) Shale Matrix

Figure 6. The distribution of the CO2 in Huff-n-Puff process (With Diffusion)
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(A)Natural fractures

(B) Shale Matrix

Figure 7. The distribution of the CO2 in flooding process (Without Diffusion)

(A)Natural fractures

(B) Shale Matrix

Figure 8. The distribution of the CO2 in flooding process (With Diffusion)
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Figure 9. Average reservoir pressure in primary depletion and EOR stage

5.2 ADSORPTION EFFECT
Sorption process has a clear impact on understanding fluid flow mechanisms
during gas production from shale gas reservoirs. The adsorption rate of hydrocarbon
components increases strongly with the molecular weight (Jiang and Younis, 2016). The
adsorption experimental data shown in Figure 10 has a clear evidence to prove this
relationship. From Figure 10, we can notice that CO2 has a greater adsorption affinity to
the organic surfaces than the light components. Since shale oils has high contents of light
hydrocarbon components, injecting CO2 would help in extracting these light components
by getting adsorbed into the organic materials of shale surfaces replacing the light
components. Meanwhile, these light hydrocarbon components which get desorbed from
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shale surface resulted in increasing oil recovery by adsorption mechanism. However, our
simulation results indicated that adsorption has a negative effect on CO2-EOR
performance as shown in Figure 11. The main reason causing the negative role for
adsorption mechanism on CO2-EOR is clear for us. Considering adsorption in the
modeling process would lead to reduce the injected volume of CO2 diffusing into shale
oil because there is some portion of that injected CO2 has been adsorbed into shale
surfaces as shown in Figure 12. Therefore, the negative effect of adsorption on CO2-EOR
performance is not resulted from the main effect of the adsorption its self but resulted
from the interaction effect with the molecular diffusion. The simulation results proved
that the impact of CO2 diffusion into shale oil has a greater influence on increasing oil
recovery rather that for the adsorption effect.

Figure 10. Laboratory measured for typical occurring gases (Ambrose et al., 2011)
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(A)With adsorption Mechanism

(B) Without adsorption Mechanism

Figure 11. Effect of adsorption mechanism on CO2-EOR performance in ULR

Figure 12. The volume of CO2 produced back with-adsorption models
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5.3 DISSOLUTION EFFECT (WATER SOLUBILITY EFFECT)
Different scenarios have been simulated to consider the effect of CO2 solubility in
shale brine on CO2-EOR performance in shale oil reservoirs. Our simulation results
indicated that water solubility effect has a negative effect on CO2-EOR performance as
shown in Figure 13. Like what happened in adsorption mechanism scenario, considering
water solubility effect in the modeling process would lead to reduce the injected volume
of CO2 diffusing into shale oil because there is some portion of that injected CO2 would
be dissolved into shale brine. Therefore, the negative effect of dissolution on CO2-EOR
performance is not resulted from the main effect of the dissolution its self but resulted
from the interaction effect with the molecular diffusion. The simulation results also
proved that the impact of CO2 diffusion into shale oil has a greater influence on
increasing oil recovery rather that for the dissolution effect.

Figure 13. Effect of Water Solubility on CO2-EOR performance in ULR
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5.4 GEOMECHANICS COUPLING EFFECTS
To consider geomechanics effects in this study, three different types of
geomechanics models which are compressibility models, linear elastic models, and stress
dependent correlations have been constructed. Geomechanics module in GEM simulator
with input data from Bakken formation has been used to simulate linear elastic models.
Stress-dependent porosity and permeability were also considered by applying exponential
correlations. Experimental coefficients in the exponential correlations for Bakken
formation were obtained from Cho et al., (2013). Porosity and permeability multiplier for
Bakken formation with different pressure are presented in Figure 14 which are very well
consistent with Kim et al. (2017) results. To consider geomechanics coupling effects on
CO2-EOR, both of flooding and huff-n-puff scenarios have been simulated. The
simulation results indicated that both of fracture and matrix properties of tight rocks are
sensitive to the stress and strain variation resulting from injection and production
processes as shown in Figure 15. In Figure 15A, we can notice that the natural fracture
permeability decreased rapidly in the primary production process due to pressure
depletion. However, the natural fracture permeability increased during CO2 injection
process due to pressure maintenance. The same scenario was happening in Figure 15B
during huff-n-puff process. Considering geomechanics coupling effects on CO2-EOR in
simulation process has two sides of effect; one is negative, and another is positive. The
negative effect is happening due to the compaction effect which resulted in reducing
porosity and permeability of the target formation during the depletion process. However,
the positive effect is resulted from reservoir deformation due to the reservoir elasticity
which lead to create additional pressure maintenance during the depletion stage. Overall,
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considering geomechanics coupling has a negative effect on CO2-EOR performance in
both of huff-n-puff as well as flooding process as shown in Figure 16 and Figure 17
respectively. This is mainly happening due to the pseudo dilation phenomenon as shown
in Figure 18. During CO2-injection process, there is no way for the target reservoir to
restore its original shape or its original properties even if we inject CO2 at pressure equal
to the initial reservoir pressure. This is clearly shown in the amplitude size difference
between the first and last cycle during CO2 injection huff-n-puff process as shown in
Figure 18.

Porosity Vs.Pressure

Permeability Vs.Pressure

1.005

1.05

1

1
0.95

0.995

Porosity Multiplier

Porosity Multiplier

0.9
0.99

0.985

0.98

0.85
0.8
0.75

0.975

0.7

0.97

0.65
0.6

0.965
0

2000 4000 6000 8000 10000

Pressure, psi

(A)Porosity Multiplier

0

2000

4000

6000

8000 10000

Pressure, psi

(B) Permeability Multiplier

Figure 14. Porosity and permeability change in Bakken with reservoir pressure
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(A)Flooding Process

(B) Huff-n-Puff

Figure 15. Natural fracture permeability change in Bakken model

(A) Stress Dependency not Considered

(B) Stress Dependency Considered

Figure 16. CO2-EOR with stress dependency in huff-n-puff operations
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(A)Stress Dependency not Considered

(B) Stress Dependency Considered

Figure 17. CO2-EOR with stress dependency in continuous flooding operations

(A)Volumetric Strain change with time

(B) Pseudo dilation model

Figure 18. Effect of geomechanics coupling on CO2-EOR performance
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Different models of geomechanics have been incorporated into the reservoir flow
model. Then, each model has been fitted with CO2-EOR pilot test conducted in Bakken
formation, Burning Tree field, Well 36-2H well, in Montana (2009). The results indicated
that among the three different correlations of geomechanics coupling, stress-dependent
correlations could give a good match with that pilot test performance as shown in Figure
19. However, linear-elastic constitutive models would not give a good match with that
pilot test performance. This conclusion should be held for Bakken formation. The results
indicated that linear-elastic constitutive models over-predict the sensitivity of shale
formations to stress change if shale formations are not very stress-sensitive formations as
in Bakken formation case. The linear-elastic constitutive models could give a good
representation for formations which are very soft such as Eagle Ford as shown in Figure
20. However, the compressibility model is so enough to give a good representation for
geomechanics effect in hard formations such as Barnet. Stress dependent correlations
have a good match with the formations which have a mid-hardness such as Bakken.

Figure 19. Coupling geomechanics effects with CO2 EOR in a pilot test
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Figure 20. Selection criteria for geomechanics models
6. CONCLUSIONS
•

This study simulated different mechanisms for CO2 interactions with organic
surfaces, shale brine, and shale oil. The investigated mechanisms have been
implemented in different scenarios of numerical models.

•

This study found that CO2 molecular diffusion mechanism has a clearly positive
effect on CO2-EOR in huff-n-puff protocol; however, this mechanism has a
relatively negative effect on continuous flooding mode of CO2-EOR.

•

Both of dissolution and adsorption mechanisms have a negative effect on CO2
performance in terms of enhancing oil recovery in unconventional formations.

•

CO2 molecular diffusion mechanism has the dominated role among other CO2
mechanisms to control success or failure of CO2-EOR in ULR.

•

Geomechanics coupling has a clear effect on CO2-EOR performance; however,
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different geomechanics approaches have a different validity in these shale plays.
Stress dependent correlations could give the best match with the performance of
CO2-EOR in Bakken formation while linear elastic models would give the best
match in Eagle Ford formation.

NOMENCLATURE

µ
b
B
BPS
C
Cb
CO2
Cr
DOE
E
EIA
EOR
I
IOR
K
LB
MB
OOIP
P
Qf
R
RF
SO
SW
T
TF
TOC
u
UB
ULR
V
v
α

Fluid viscosity
Body force/unit mass of fluid (m/s2)
Body force/unit mass of fluid (m/s2)
Bakken Petroleum System
Tangential stiffness tensor (Pa)
Bulk Compressibility
Carbon-dioxide
Solid rock compressibility
Design of Experiments
Young’s modulus (Pa)
Energy Information Administration
Enhanced Oil Recovery
Identity matrix
Improved Oil Recovery
Absolute permeability tensor
Lower Bakken Formation
Middle Bakken Formation
Original Oil In Place
Pressure
Flow rate of fluid at source or sink location
Rotation tensor (m/m)
Oil Recovery Factor
Oil Saturation
Water Saturation
Temperature
Three Forks formation
Total Organic Content
Displacement vector (m/s)
Upper Bakken
Unconventional Liquid Rich Reservoirs
Volume (m3)
Poisson Ratio
Biot coefficient
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β
βp
βr
Γ
ε
εv
ρf
σ
σ'
ϕ
ϕ*

Volumetric thermal expansion coefficient
Linear thermal expansion coefficient of pore volume (1/C)
Linear thermal expansion coefficient of solid rock (1/C)
Boundary Constrain Factor
Strain tensor (m/m)
Volumetric strain (m/m)
Fluid density
Total stress tensor
Effective Stress Tensor
True porosity
Reservoir porosity
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ABSTRACT
Improved Oil Recovery (IOR) techniques in Unconventional Liquids Rich
Reservoirs (ULR) are still a new concept because there is no commercial project for any
IOR technique so far. Carbon dioxide (CO2) based EOR technique has been effectively
applied to improve oil recovery in the tight formations of conventional reservoirs.
Extending this approach to unconventional formations has been extensively investigated
over the last decade because CO2 has unique properties which make it the first option of
EOR methods to be tried. However, the applications and mechanisms for CO2-EOR in
unconventional reservoirs would not necessarily be the same as in conventional
reservoirs due to the complex and poor-quality properties of these plays.
Since the first CO2-EOR huff-n-puff project was conducted in conventional
reservoirs in Trinidad and Tobago in 1984, more than 130 additional projects have been
put in operation around the world, mainly located in USA, Turkey, and Trinidad and
Tobago. In this study, we combined Production Data Analysis (PDA) for the production
data of these projects with numerical simulation methods to produce one typical graph
accounts for the main mechanisms controlling CO2-EOR performance in conventional
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reservoirs. On the other hand, we have couple of CO2-EOR huff-n-puff pilot tests
conducted in Bakken formation between 2008 and 2016. Two engineering-reversed
approaches have been integrated to produce a unique type curve for the performance of
CO2-EOR huff-n-puff process in shale oil reservoirs. Firstly, a numerical simulation
study was conducted to upscale the reported experimental-studies outcomes to the field
conditions. As a result, different forward diagnostic plots have been generated from
different combinations for CO2 physical mechanisms with different shale-reservoirs
conditions. Secondly, different backward diagnostic plots have been produced from the
history match with CO2 performances in fields’ pilots performed in some portions of
Bakken formation located in North Dakota and Montana. Finally, fitting the backward
with the forward diagnostic plots was used to produce another unique type curve to
represent CO2-EOR performance in shale oil reservoirs. This study found that the delayed
response in the incremental oil production resulted from CO2 injection in shale reservoirs
is mainly function of CO2 molecular diffusion mechanism. On the other hand, the CO2
diffusion mechanism has approximately no effect on CO2-EOR performance in
conventional reservoirs which have a quick response to CO2 injection. This finding is
very well consistent with the experimental reports regarding the role of diffusion in
conventional cores versus shale cores. In addition, this study found that kinetics of oil
recovery process in productive areas and CO2-diffusivity level are the keys to perform a
successful CO2-EOR project in shale formations. This paper provides a thorough idea
about how CO2-EOR performance is different in the field scale of conventional reservoirs
versus shale formations.
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1. INTRODUCTION

Characterizing Unconventional Liquids Rich Reservoirs (ULR) is the most
difficult stage in understanding these formations. Unconventional plays have very
complex nano pore throats in the microscopic level and very heterogenous formations in
the megascopic level. The heterogeneity and ambiguity of unconventional reservoirs
characteristics led to a grave difficulty in understating fluids flow mechanisms in ULR.
Generally, ULR include different aspects such as shale reservoirs, very tight reservoirs,
and source rock reservoirs. These types of oil and gas reservoirs have two main criteria in
common which are very small pore throats, micro to nano millimeters, and an ultralow
permeability of micro to nano Darcy. Several studies have been conducted to estimate the
recoverable oil in place in these complex formations indicating huge volumes of oil. The
available information refers to that 100-900 Billion barrels of the oil in place in Bakken
only (Alfarge et al., 2017a). However, the predicted oil recovery from the primary
depletion stage could lead to only 7% of the original oil in place (Clark, 2009).
Furthermore, some investigators argued that the primary recovery factor is still in a range
of 1-2 % in some of these plays (Wang et al., 2016). For example, the North Dakota
Council reported that “With today's best technology, it is predicted that 1-2% of the
reserves can be recovered” (Sheng, 2015).
The low oil recovery happens due to the problems in the production sustainability
which are the main problems in unconventional reservoirs (Alfarge et al., 2017b). The
producing wells usually start with a high production rate. Then, they show a steep decline
rate in the first 3-5 years until they get leveled off at a low production rate. According to
Yu et al. (2014), the main reason behind the quick decline in the production rate is due to
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the fast depletion happening in the natural fractures combined with a slow recharge from
the rock matrix (the storage). Therefore, the oil recovery factor from the primary
depletion has been typically predicted to be less than 10% (LeFever et al, 2008; Clark,
2009; Alharthy et al., 2015; Kathel and Mohanty 2013, Wan et al., 2015; Alvarez et al.,
2016).
Infill drilling is the current practice to develop these unconventional reservoirs
and to get a short-term increment in the oil production; however, the high oil rate from
the new wells would not last for a long time similar to the previous wells. In addition, the
cost of drilling new horizontal wells with a long lateral length is so expensive. Therefore,
the infill drilling strategy might not be currently the economic practice in these types of
reservoirs because of the falling oil prices. Seeking for different options is mandatory. It
is known that the main drive mechanism in most of the shale reservoirs is the depletion
drive. Typically, this drive mechanism could recover up to 8-12% of OOIP which is the
main motivation to apply one of the IOR methods in these reservoirs (Kurtoglu et al.,
2013). Since these reservoirs have a huge original oil in place, any improvement in the oil
recovery factor would result in enormous produced oil volumes. Therefore, IOR methods
have a huge potential to be the major player in these huge reserves (Alfarge et al.,
2017b).
Although IOR methods are well understood in conventional reservoirs, they are
relatively immature in unconventional formations. All logic steps of research such as
experimental investigations, simulation studies, and pilot tests for examining the
applicability of different IOR methods have just started over the last decade (Alfarge et
al., 2017b). Generally, applying one of the feasible IOR methods in most of the oil
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reservoirs should be mandatory to increase the oil recovery factor. However, the
applications and mechanisms of IOR methods in unconventional reservoirs would not
necessarily be the same as in the conventional reservoirs due to the complex and poorquality properties of these plays. The obvious understanding for the main critical
properties in unconventional reservoirs which might impair the applicability of any IOR
project is the low porosity and the ultralow permeability for those formations. Therefore,
seeking for the IOR methods which are insensitive to these very small pore throats was
the priority.
Alfarge et al., (2017a) reviewed more than 70 reports and studies which have
been conducted to investigate the applicability of different IOR methods in different
unconventional formations of North America. Different tools have been used in the
reviewed studies such as experimental investigations, numerical simulation methods,
pilot tests, and mathematical approaches. Their review reported that the most feasible
IOR techniques for these unconventional reservoirs are miscible gases, surfactant, and
low-salinity water flooding. However, most of the previous studies recommended that
miscible gas EOR is the best technique for these types of reservoirs. The gases which
have been investigated are CO2, N2, and natural gases. CO2-EOR is in the top of the
miscible gases EOR category to be applied in shale oil reservoirs. Interestingly, some of
the IOR pilot-tests, which have been conducted to investigate the feasibility of natural
gases EOR in unconventional reservoirs, showed good results in terms of enhancing oil
recovery in shale plays. Unfortunately, the performance results for the pilot tests of CO2EOR huff-n-puff process were disappointing despite the excellent performance for CO2
in the lab scale (Alfarge et al., 2017b). Some researchers reported that the main
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mechanism by which CO2 extracts oils from shale core samples in the lab scale is the
molecular diffusion mechanism. However, other researchers reported that oil swelling,
viscosity reduction, and repressurization are the main mechanisms by which CO2 extracts
oils from conventional core samples. Therefore, this study tried to combine numerical
simulation methods with the production data obtained in the field (The performance of
CO2-EOR pilot tests in shale formations and the performance of CO2-EOR projects in
conventional reservoirs) to understand the main mechanisms which are more dominated
to control CO2-EOR performance in conventional reservoirs versus unconventional
formations in the field scale level.

This study would also identify how CO2-EOR

mechanisms are different in lab scale versus field scale.
2. CO2 HUFF-N-PUFF PROJECTS IN CONVENTIONAL RESERVOIRS
Since the first CO2-EOR huff-n-puff project was conducted in conventional
reservoirs in Trinidad and Tobago in 1984, more than 130 additional projects have been
put in the operations around the world, mainly located in USA, Turkey, and Trinidad and
Tobago. In the early projects, CO2-EOR huff-n-puff projects were limited to the
reservoirs with heavy oils. At that time, some researchers were not sure if they could
classify CO2 huff-n-puff operations as a kind of EOR techniques because they thought
the only benefit from CO2 huff-n-puff operation was just to remove the damage in the
porous media areas which are surrounding the wellbore. After that, CO2-EOR huff-n-puff
projects have been extended to light oil reservoirs and the technique was accepted to be
one of the main EOR methods. The reported CO2 mechanisms contributing in enhancing
oil recovery in conventional reservoirs are as follow (Mohammed-Singh et al., 2006): (1)
Oil viscosity reduction, (2) Oil swelling due to dissolution of CO2 in crude oil, (3)
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Removal of near well-bore damage, (4) Solution gas drive aided by gravity drainage, (5)
Improved drainage of reduced viscosity oil by encroaching water, (6) Vaporization of
lighter components of oil by CO2, (7) Reduction of water relative permeability due to
trapped gas and reduction of water saturation, (8) Reduction of relative permeability
to

water

and

gas during the puff phase due to hysteresis and, (9) Reduction of

interfacial tensions.

3. HISTORY MATCH OF CO2-EOR HUFF-N-PUFF PROJECTS
The previous history matches of field performance for CO2-EOR huff-n-puff
projects in conventional reservoirs using numerical simulation suggested that the
principal enhanced oil recovery mechanisms are oil swelling, oil-viscosity reduction, and
gas relative-permeability hysteresis (Thomas and Monger-McClure, 1991). Interestingly,
most of CO2 huff-n-puff field projects have the same decline curve in puff process in
conventional reservoirs as shown in Figure 3. Furthermore, in this study, we have
conducted a numerical simulation study combining different mechanisms for the injected
CO2 with different reservoirs properties for some of the CO2-EOR huff-n-puff projects
which have been reported by Thomas and Monger-McClure, (1991). The fluid
compositions have been produced by using compositional models generated via WinProp
software, with input and output parameters shown in the previous paper of this
dissertation. Our numerical simulation study was able to match the unique decline curve
in the puff process of CO2-EOR in the reported projects in conventional reservoirs as
shown in Figure 1. The simulation scenarios which matched the CO2-EOR projects in
conventional reservoirs suggest that oil swelling, oil-viscosity reduction, and
repressurization are the main mechanisms to CO2-EOR in these conventional formations.
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In the puff process of CO2-EOR projects conducted in conventional reservoirs, we
can notice that there are two main zones in both of simulated and field data as shown in
Figure 1. These zones are as follow:
•

Zone 1 (Real Response Zone). In zone 1, we can notice that there is a quick
response in oil production rate after the well was put back in the production
process. This is clearly shown in both of field data and simulation results. This
quick response in oil production rate, resulted from CO2 injection in conventional
reservoirs, happens mainly due two main reasons. The first reason is due to the
build-up effect resulted from CO2 injection in the reservoirs areas which are close
to the production well. This build-up resulted in stimulating fluids flow and
enhancing reservoir pressure in small areas surrounding the wellbore. The second
reason is due to the good communication between the wellbore and formation
matrix. The good communication between the wellbore and formation matrix of
these formations are happening due to two main reasons: (1) The conventional
formations have usually a high porosity and permeability as compared with shale
formations. The large pore throats of conventional reservoirs resulted in fast and
good contact between the injected CO2 and the oils in the formation matrix. (2)
The injected CO2 in conventional formations usually resulted in removing some
damage in the formation areas which are close to the wellbore, especially in
heavy oil reservoirs.

•

Zone 2 (Decline Zone): After the highest oil production rate was achieved in post
CO2 injection period, there is a clear decline trend in production rate (Decline
Zone). Decline Zone usually starts after the oil production peak period in the
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Real Response Zone reached. The timing of zone 2 might delay for a long time
depending on two main factors. The first factor is the permeability of reservoirs.
As far as the formation permeability is low, the decline zone would need a longer
time to appear at the same other conditions. The second parameter is the CO2
volume injected into formation. As far as the injection volume is high, the decline
zone would appear at a later time of the puff period.

Figure 1. Typical plot for CO2 EOR huff-n-puff in conventional reservoirs
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4. CO2-EOR IN CONVENTIONAL RESERVOIRS VS ULR
Some researchers reported that the oil recovery obtained by injecting CO2 into lab
core samples of conventional reservoirs has an exponential relationship with the exposure
time (Hawthorne et al., 2013). Under the same conditions, they reported that the oil
recovery obtained by injecting CO2 into lab core samples of shale oil reservoirs has a
polynomial relationship with the exposure time as shown in Figure 2.
Some of the previous researchers tried to explain the oil production response
difference in conventional versus unconventional core samples towards the injected CO2
by the difference in the principal mechanisms in which CO2 extracts oils from these
different cores. The researchers speculated that the main mechanism by which CO2 can
extract oils from shale cores is the molecular diffusion mechanism. Since the molecular
diffusivity is function of the surface contact area and exposure time, these shale core
samples need a long exposure time and large contact areas with the injected CO2 so a
good oil recovery can be produced in the time frame. However, the permeability and pore
throats in conventional core samples are much bigger than in those shale core samples so
that the convective flow in conventional reservoirs is so dominated over the diffusion
flow. Therefore, oil swelling, oil viscosity reduction, and repressurization have been
reported to be the main mechanisms by which CO2 can extract oils from conventional
core samples. This explains why the relationship between the oil recovery obtained by
the injected CO2 with the exposure time has an exponential relationship with the
exposure time in lab conditions. According to the experiments conducted, the wells
response to the injected CO2 is much faster in conventional reservoirs as it in the
unconventional reservoirs.
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Figure 2. CO2 mobilization of hydrocarbons from shale and conventional cores (Modified
from Hawthorne et al., 2013)
5. CO2-EOR EXPERIMENTS IN ULR
A core model of Bakken shale was constructed to simulate the CO2-EOR
experiments conducted by Energy and Environmental Research Center and reported by
Alharthy et al., (2015). In their experiments, a cylindrical natural preserved core of
Bakken formation was placed inside of an extraction vessel. The apparatus design for
their experiment is shown in Figure 3. The space between the core and the extraction
vessel was considered as a fracture surrounding the matrix in the real reservoir
conditions. An ISCO pump was used to inject CO2 at 5000 psi to the inlet valve and oils
were produced at a constant pressure during the entire time of the experiment. The outlet

118
valve was closed for 50 minutes to soak the core with the injected CO2. Then, the outlet
valve was opened for 10 minutes to extract the crude oil. This cycle was repeated for 500
minutes. The procedure and design of this experiment has been adopted and simulated in
a numerical core model. Figure 4 shows the schematic views of Bakken shale core model.
The red areas are the space between the extraction vessel and the core matrix while the
blue areas are the core matrix itself. Table 1 shows the basic core sample dimensions and
properties.
Different mechanisms have been proposed for the injected CO2 to improve oil
recovery in unconventional reservoirs as shown in Table 3 of Paper I in this dissertation.
However, since the matrix permeability in these unconventional reservoirs is in range
(0.1 –0.00001 md), CO2 would not be transported by convection flux from fracture to
matrix (Yu et al., 2014). However, the main transportation method for CO2 is by the
difference in concentration gradient between CO2 concentration in injected gases and the
target oil. This process of transportation is subjected to Fick’s law. Hawthorne et al.,
(2013) extensively investigated the CO2 diffusion mechanism in Bakken cores and
proposed five conceptual-steps to explain it. These conceptual steps include: (1) CO2
flows into and through the fractures, (2) unfractured rock matrix is exposed to CO2
at fracture surfaces, (3) CO2 permeates the rock driven by pressure, carrying some
hydrocarbon inward; however, the oil is also swelling and extruding some oil out of the
pores, (4) oil migrates to the bulk CO2 in the fractures via swelling and reduced
viscosity, and (5) as the CO2 pressure gradient gets smaller, oil production is
slowly driven by concentration gradient diffusion from pores into the bulk CO2 in the
fractures.
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Most of the experimental studies reported that CO2 diffusion mechanism is behind
the increment in oil recovery obtained in lab conditions. Then, both of the observed
increment in the oil recovery and/or CO2 diffusion rate in lab conditions were upscaled
directly to the field scale by using numerical simulation methods. This direct upscaling
methodology might be so optimistic due to the fact that the lab-cores have a higher
contact area and longer exposure time to CO2 than what might happen in the real
conditions of unconventional reservoirs. As a result, both of simulation studies and
experimental works might be too optimistic to predict a quick improvement in oil
recovery from injecting CO2 in these tight formations (Alfarge et al., 2017b). The
optimistic results of oil recovery improvement reported in lab works and simulation
studies led the operators to conduct CO2 pilots’ tests. However, the results from pilot
tests which used CO2 as injectant were disappointing (Evans and Hoffman et al., 2016). If
we went back to some of the procedures and conditions for experimental works, we
found very small core chips of Bakken or other formations had been used in lab
experiments. Also, those core chips were exposed to CO2 for a long time, up to 96 hrs to
get an increment in oil recovery (Hawthorne et al., 2013). Therefore, to get a good
understanding for CO2 diffusion rate in ultralow permeability reservoirs, we need to get a
different approach providing or estimating the CO2 diffusivity level from the pilot tests
performance in the field conditions. Therefore, this study tried to combine three different
tools which are experimental reports, simulation methods, and pilot tests to determine
which mechanism is the most dominated to control CO2-EOR performance in shale
formations. Also, this study would determine the CO2 molecular diffusivity level in the
field scale of unconventional reservoirs.
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Figure 3. Enhanced oil recovery experiments on Bakken cores (Modified from Alharthey
et al., 2015)

(a)

(b)

(c)

Figure 4. Schematic views of Bakken shale core simulated in the core model

Table 1. Properties of Bakken shale core model
Parameter

Value

Core length

4.4 cm3

Core diameter

1.3cm

Vessel diameter

1.5cm

Vessel length

5.7 cm
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6. HISTORY MATCH WITH THE EXPERIMENTAL RESULTS OF ULR
Different scenarios have been run until the best match was obtained. Firstly, the
scenarios which do not consider the molecular diffusion have been simulated. Then, two
different correlations for molecular diffusion have been simulated which are Sigmund
correlations (1976a, 1976b) and Wilke-Chang correlation (1955). Furthermore, co and
counter-diffusive transport were simulated since the experimental procedure is not clear
in representing the flooding process or huff-n-puff protocol.
A good history match has been obtained between the experimental data and the
models in which the molar diffusion mechanism enabled. Both of Sigmund and WilkeChang correlation gave the same results for the core model as shown in Figure 5.
However, counter-diffusive transport model has a better match with the lab results than
co-diffusive transport model as shown in Figure 5.
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Figure 5. Comparison of CO2 flooding and huff-n-puff methods in the Bakken
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7. CO2-EOR HUFF-N-PUFF IN A PILOT TEST IN ULR
In 2009, three companies (Continental Resources, Enerplus, and XTO) jointly
conducted a CO2-EOR pilot test in the Burning Tree–State 36-2H well in the north
central part of the Elm Coulee Field. The location of Elm Coulee field is shown in Figure
6. This pilot test was conducted in a horizontal well with a lateral leg of 1592 ft drilled in
2000 and stimulated with a single-stage, hydraulic fracturing operation, with 20–40 sand
proppant. Top of the Bakken formation at the well location is at 9740 ft. The horizontal
well penetrated through middle Bakken formation which is dominated by sandy to silty
dolostone in this area. The target formation contains light oil with 40.1 API and has a
thickness of 40 ft. The average porosity in this area is in range of 1-9%. The average
permeability in this part of Bakken formation is in range of 0.0009-0.5 mD. The average
oil saturation in this area is in range of 20-70%. This well started producing with 195
bbl/day; however, it dropped to 30-40 bbl/day in Augest-2008.

Figure 6. Location of Elm Coulee Field (Todd et al., 2017)
In the period of January 16, 2009 to February 28, 2009, 45,000 MCF (2570 tons)
of CO2 were injected. The average daily injection rate was 1000 MCF/day; injection rates
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were in a range of 0-3000 MCF/day. The maximum injection pressure was 1848 psi
(BHP) which is clearly way below the fracture pressure in that formation. After that, the
well was shut in (soaking period) for 64 days in the period of March 1 to May 3, 2009.
Then, the well was opened for production. The well started producing at 160 bbl/day in
the first 8 days, then 20 bbl/day for 30 days, after that, the well was no longer producing
naturally; therefore, it was put on a pump. In March 2010, the well reached a peak in post
injection period approaching 44 bbl/day, then the production rate declined constantly as
shown in Figure 7. A half of the injected CO2 volume in that well was recovered in the
production process in the period of May 2009 to August 2010. The peak in the oil
production (in post injection period) happened after about 1 year from the CO2 injection
start-point as shown in Figure 7. Some of the previous researchers were not sure whether
that increment in oil production is due CO2 injection or not. Therefore, we tried to
upscale the outcomes of lab model presented in the previous section to the field scale of
this pilot test to figure out whether this increment in oil production is due to CO2
injection or not and what we can learn from that pilot test.

Figure 7. Production decline performance curve for CO2-EOR Huff-n-Puff pilot test
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8. RESERVOIR MODELING
The core model which has been described previously in the “CO2-EOR
Experiments in Unconventional Reservoirs section” was upscaled to the field scale via
constructing LS-LR-DK (logarithmically spaced, locally refined, and dual permeability)
model. The LS-LR-DK method can accurately simulate the fluid flow in fractured shale
oil reservoirs (Wan and Sheng, 2015). In this study, an advanced general equation-ofstate compositional simulator was used to build the formation fluid model. Then, both of
the models, LS-LR-DK model and fluid model, were combined to simulate compositional
interactions of the reservoir fluids and the injected CO2 during enhanced oil recovery
processes. Furthermore, the implementation of the diffusion model in the LS-LR-DK
model and fluid model has been also conducted. In this study, we tried to build a
numerical model which has the typical fluid and rock properties of the Bakken formation
areas which handled that pilot test. In the models of this study, we injected CO2 as Huffn-Puff process in the same operating parameters in which the pilot test conducted through
a hydraulically fractured well. All the mechanisms which were proposed in Table 3 of
paper I of this dissertation have been considered in this model. In this field case study, the
production well was stimulated with 5 hydraulic fractures. The spacing between the
hydraulic fractures is 200 ft. The simulated model includes two regions which are
stimulated reservoir volume (SRV) and un-stimulated reservoir volume (USRV) as
shown in Figure 2 of Paper II of this dissertation. The dimensions of the reservoir model
are 2000 ft x 2000ft x42 ft, which corresponds to length, width, and thickness
respectively. The dimensions of the fractured region are 5 fractures with a half-length of
350 ft in J direction, width of 0.001 ft in I direction, and fracture height of 42 ft in K
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direction. Fracture conductivity is 15 mD.ft. The other model input parameters are shown
in Table 1 of Paper II of this dissertation. Compositional models described previously
was built as shown in Table 2, Table 3, and Figure 3 of Paper II of this dissertation.
9. HISTORY MATCHING FOR CO2-EOR IN A PILOT TEST
Different scenarios were simulated, and different mechanisms were combined into
different models until the best match was obtained with the real production data from the
CO2-EOR pilot test conducted in Elm Coulee Area, Bakken Formation, Montana. Figure
8 explains how close the simulation results with the field pilot performance. We can
notice that there are four zones in the puff process stage of CO2-EOR in both of simulated
and field data. These zones are as follow:
•

Zone 1 (Pseudo Response Zone). In zone 1, we can notice that there is a quick
response in oil production rate after the well was put back in the production
process. This is clearly shown in both of field data and simulation results. This
happens mainly due to the build-up effect resulted from CO2 injection in the
fracturs of the horizontal well. Since the communication between the hydraulic
fractures and the tight matrix of these formations are very poor due to the
permeability gel, this significant build up would be happening.

•

Zone 2 (Real Response Zone). In zone 2, we can notice that there is a slow
response in oil production rate resulted from the injected CO2. This is clearly
shown in both of field data and simulation results. This increment in oil
production rate has a very slow growth with time, and it is much slower than
conventional reservoirs response to CO2-EOR. This slow response suggests that
the molecular diffusion mechanism is the main mechanism for CO2 to enhance
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oil recovery in unconventional formations. However, such as a zone is not existed
in the applications of CO2-EOR in conventional reservoirs.
•

Zone 3 (Peak Zone): In zone 3, we can notice that the highest oil production in
post CO2 injection period was achieved in about 1 year after the CO2 injection
started. No one might believe this peak in oil production happened due to CO2
injection which was performed 1 year ago. However, both of simulation and field
data have confirmed that this peak in oil production rate is due to the CO2-EOR.
This peak in oil production rate, in puff process, would need much shorter time to
be achieved in conventional reservoirs as compared with unconventional
reservoirs. This slow response in oil production rate to the injected CO2 suggests
that CO2-EOR mechanisms in unconventional formations are much different
from CO2-EOR mechanisms in conventional reservoirs.

•

Zone 4 (Decline Zone): After the highest oil production rate was achieved in post
CO2 injection period, there is a clear decline trend in the production rate (Decline
Zone). Decline Zone usually starts after the oil production peak period in the
Real Response Zone reached. The timing for zone 4 might delay for a long time
depending on two main factors. The first factor is the permeability of reservoirs.
As far as the formation permeability is low, the decline zone would need a long
time to appear at the same other conditions. This happens because the depletion
pulse would take a long time to travel across very tight formations. The second
parameter is the CO2 volume injected into formation. As far as the injection
volume is significantly high, the decline zone would appear at a late time during
the puff period.
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Figure 8. CO2 EOR huff-n-puff typical plot in shale oil reservoirs
According to these results, the most important question is at which conditions
CO2-EOR type curve in unconventional reservoirs would be the same type curve of CO2EOR in conventional reservoirs. Therefore, we enabled and disabled some of CO2
mechanisms in the simulator. Furthermore, we also conducted a parametric study by
changing some reservoir properties. We found that zone 1, zone 2, and zone 3 in the puff
process for CO2-EOR in unconventional reservoirs can be emerged together in a one zone
as shown in Figure 9. This will lead to that the CO2-EOR performance in unconventional
reservoirs would have the same type curve as in conventional reservoirs. Emerging zone
1, zone 2, and zone 3 into one zone can be achieved by combining the two following
scenarios:
(1) CO2 Molecular diffusion mechanism was disabled.
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(2) Reservoirs models with permeability greater than 10 mD.
On the other hand, the transient from zone 2 to zone 3 would take a very long
time as shown in Figure 10, if we combined the following two scenarios:
(1) CO2 Molecular diffusion mechanism was enabled, but CO2 has a low molecular
diffusivity rate.
(2) Reservoirs with a very tight permeability, less than 0.1 mD.
To sum up, this study has combined three different tools of investigations
including lab tools, simulation methods, and field data to investigate the principal
mechanisms controlling CO2-EOR performance in the field scale of conventional
reservoirs versus unconventional formations. It is clear that the molecular diffusion
mechanism is the main controller of CO2-EOR performance in shale formations.
However, oil swelling, oil-viscosity reduction, and repressurization are the main
mechanisms which are responsible to enhance oil recovery in the conventional reservoirs.

Figure 9. CO2 EOR huff-n-puff typical plot in ULR with conventional conditions
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Figure 10. CO2 EOR typical plot in ULR with shale conditions

10. CONCLUSIONS
•

This study combined numerical simulation methods with the production curves
analysis of field data (CO2-EOR pilot tests in shale formations and CO2-EOR
projects in conventional reservoirs) to understand the mechanisms which are more
dominated to control CO2-EOR performance in conventional reservoirs versus
unconventional formations in the field scale level.

•

One unique type curve has been generated to reflect the CO2-EOR performance in
conventional reservoirs containing two distinct zones in the puff process. Another
unique type curve has been generated to reflect the CO2-EOR performance in
shale oil reservoirs containing four distinct zones in the puff process.

•

This study found that the molecular diffusion mechanism is the main mechanism
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controlling CO2-EOR performance in shale oil formations. This conclusion has
been confirmed by integrating three different tools including experimental reports,
field pilot data, and numerical simulation study. However, oil swelling, oil
viscosity reduction, and repressurization are the main mechanisms controlling
CO2-EOR performance in conventional reservoirs.
•

The delayed response in oil production rate in shale reservoirs to the injected CO2,
as indicated by the pilot test conducted in Bakken, matched the general simulation
solutions which have a low molecular diffusivity for CO2 molecules. This
suggests that the exposure time and the contact areas between the injected CO2
and target formations need to be significantly increased for more successful
results.

•

Decreasing the kinetics of oil recovery process in the productive areas of shale
formations during CO2 post-injection period would lead to a successful CO2-EOR
project.
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ABSTRACT
Shale oil reservoirs such as Bakken, Niobrara, and Eagle Ford have become the
main target for oil and gas investors as conventional formations started to be depleted and
diminished in number. These unconventional plays have a huge oil potential; however,
the predicted primary oil recovery is still low as an average of 7.5 %. Injecting carbon
dioxide (CO2) to enhance oil recovery in these poor-quality formations is still a debatable
issue among investigators. In this study, three steps of research have been integrated to
investigate the parameters which control the success of CO2-EOR huff-n-puff process in
the field scale of shale oil reservoirs. Firstly, a numerical simulation study was conducted
to upscale the reported experimental studies outcomes to the field conditions. The second
step was to validate these numerical models with the field data from some of CO2-EOR
pilots which were performed in Bakken formation, in North Dakota and Montana regions.
Finally, statistical methods for Design of Experiments (DOE) were used to rank the most
important parameters affecting CO2-EOR performance in these unconventional
reservoirs.
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The Design of Experiments proved that the intensity of natural fractures (the
number of natural fractures per length unit in each direction, I-direction, J direction, and
K direction) and the conductivity of oil pathways (the average conductivity for the entire
oil molecules path, from its storage (matrix) to the wellbore) are the two main factors
controlling CO2-EOR success in shale oil reservoirs. However, the fracture intensity has a
positive effect on CO2-EOR while the later has a negative effect. Furthermore, this study
found that the porosity and the permeability of natural fractures in shale reservoirs are
clearly changeable with the production time, which in turn, led to a clear gap between
CO2-EOR performances in the lab conditions versus to what happened in the field pilots.
This work reported that the molecular diffusion mechanism is the key mechanism for
CO2 to enhance oil recovery in shale oil reservoirs. However, the conditions of the
candidate field and the production well criteria can enhance or downgrade this
mechanism in the field scale. Accordingly, the operating parameters for managing CO2EOR huff-n-puff process should be tuned according to the candidate reservoir and well
conditions. Moreover, general guidelines have been provided from this work to perform
successful CO2 projects in these complex plays. Finally, this paper provides a thorough
idea about how CO2 performance is different in the field scale of shale oil reservoirs as in
the lab-scale conditions.
1. INTRODUCTION
Unconventional liquids rich reservoirs have different aspects such as shale
reservoirs, very tight reservoirs, and source rock reservoirs. Generally, these types of oil
and gas reservoirs have two main criteria in common which are very small pore throats,
Micro to Nano millimeters, and an ultralow permeability of Micro to Nano darcy.
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According to the recent reports, the oil production from tight formations including shale
plays has shared for more than 50% of the total oil production in the US (Alfarge et al.,
2017a). Hoffman and Evans (2016) reported that 4 million barrels per day as an
increment in the oil daily production in the US coming from these unconventional oil
reservoirs. From 2011 to 2014, Unconventional Liquids Rich (ULR) reservoirs
contributed to the all-natural gas growth and nearly to 92% of the oil production growth
in the US (Alvarz and Schechter, 2016). This revolution in the oil and gas production has
mainly happened because shale oil reservoirs have been just increasingly developed due
to the advancements in horizontal wells and hydraulic fracturing techniques over the last
decade. Several studies have been conducted to estimate the recoverable oil in place in
these complex formations indicating huge volumes of oil. The available information
refers to about 100-900 Billion barrels of the oil in place in Bakken only. However, the
predicted oil recovery from the primary depletion stage could lead to only 7% of the
original oil in place (Clark, 2009). Furthermore, some investigators argued that the
primary recovery factor is still in a range of 1-2 % in some of these plays (Wang et al.,
2016). For example, the North Dakota Council reported that “With today's best
technology, it is predicted that 1-2% of the reserves can be recovered” (Sheng, 2015).
The low oil recovery happens due to the problems in the production sustainability which
are the main problems in these unconventional reservoirs. The producing wells usually
start with a high production rate. Then, they show a steep decline rate until they get
leveled off at a low production rate. According to Yu et al. (2014), the main reason
behind the quick decline in the production rate is due to the fast depletion happening in
the natural fractures combined with a slow recharge from the rock matrix (the storage).
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Therefore, the oil recovery factor from the primary depletion has been typically predicted
to be less than 10%. Infill drilling is the current practice to develop these unconventional
reservoirs and to get a short-term increment in the oil production; however, the high oil
rate from the new wells would not last for a long time as like as the previous wells. In
addition, the cost of drilling new horizontal wells with a long lateral length is so
expensive. Therefore, the infill drilling strategy might not be the economic practice in
these types of reservoirs. Seeking for different options is mandatory. It is known that the
main drive mechanism in most of shale reservoirs is the depletion drive. This drive
mechanism could recover up to 8-12% of OOIP which is the main motivation to apply
one of the IOR methods in these reservoirs (Kurtoglu et al., 2014). Since these reservoirs
have a huge original oil in place, any improvement in the oil recovery factor would result
in enormous produced-oil volumes. Therefore, IOR methods have a huge potential to be
the major player in these huge reserves. Although IOR methods are well understood in
conventional reservoirs, they are a new concept in unconventional formations. All basic
logic steps such as experimental investigations, simulation studies, and pilot tests for
examining the applicability of different IOR methods have just started over the last
decade.
Classically, applying one of the feasible IOR methods in most of the oil and gas
reservoirs should be mandatory to increase the recovery factor. However, the applications
and mechanisms for IOR methods in unconventional reservoirs would not necessarily be
the same as in conventional reservoirs due to the complex and poor-quality properties of
these plays. The public understanding of the main critical properties in unconventional
reservoirs which might impair any IOR project is the low porosity and the ultralow

139
permeability. Therefore, seeking for the IOR methods which are insensitive to these very
small pore throats was the priority. Alfarge et al., (2017a) reviewed more than 70 reports
and studies which have been conducted to investigate the applicability of different IOR
methods in different unconventional formations of North America. Different tools have
been used in the reviewed studies such as experimental investigations, numerical
simulation methods, pilot tests, and mathematical approaches. Their review reported that
the most feasible IOR techniques for these unconventional reservoirs are miscible gases,
surfactant, and low-salinity water flooding. However, most of the previous studies
recommended that miscible-gases EOR is the best technique for these types of reservoirs.
The gases which have been investigated are CO2, N2, and natural gases. CO2-EOR is in
the top list of the miscible-gases EOR category to be applied in shale reservoirs.
Furthermore, some of the IOR pilot-tests, which have been conducted to investigate the
feasibility of natural gases EOR in unconventional reservoirs, showed good results in
terms of enhancing oil recovery in these plays. Unfortunately, the results of the pilot-tests
for CO2-EOR, huff-n-puff process, were disappointing despite the excellent performance
for CO2 in the lab scale. Therefore, this study combined three approaches which are the
reported EOR pilot-tests, the reported experimental investigations, and a new numerical
simulation study to diagnose the critical parameters which control CO2-EOR success in
shale-oil reservoirs.

2. BACKGROUND
One of the most investigated IOR methods in unconventional liquids rich
reservoirs is CO2-EOR due to different reasons. CO2 dissolves in shale oil easily, swells
the oil and lowers its viscosity. CO2 has a lower miscibility pressure with shale oil rather
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than other gases such as N2 and CH4 (Zhang, 2016). However, the minimum miscible
pressure of CO2 in shale oils has a debatable range 2500-3300 psi. The reported low
value for the acid number in shale oils might increase the hope to apply CO2 EOR
successfully since there would not be much danger of asphaltenes precipitation (Kurtoglu
et al., 2014).
The early-published studies investigating CO2-EOR in shale reservoirs started by
using modeling methods (Shoaib and Hoffman, 2009; Wang et al., 2010). The reported
models showed that 10-20% of the incremental oil could be recovered by the continuous
gas flooding while 5-10% could be recovered by the huff-n-puff gas process (Hoffman
and Evans, 2016). Dong et al., (2013) reported a numerical simulation study evaluating
CO2 EOR performance in an interval of Bakken formation in the Sanish field sector.
They came up with a scenario to increase CO2 injectivity in that field by drilling more
horizontal injection wells. Their scenario predicted the possibility to inject 5000
Mscf/day at a maximum injection pressure of 8000 psi. From their simulation study, they
found that using CO2 injection method might increase the oil recovery factor from 5% to
24% in that field. Xu et al., (2014) evaluated the reservoir performance of Elm Coulee
field in Eastern Montana under CO2 flooding with different hydraulic fracture
orientations. They concluded that transverse fractures would have a higher oil recovery
factor, but these transverse fractures would have a lower utilization value than the
longitudinal fractures due to the breakthrough problems. Zhu et al., (2015) constructed a
model in which the EOR gases could be injected into a hydraulic fracture orienated along
a horizontal well and the production process could occur from an adjacent fracture which
has an intersection with the same well. They found a substantial improvement in the oil

141
recovery happens by injecting CO2 in the reservoirs which have a fluid flow from fracture
to fracture. Pu et al., (2016) introduced a new model which considers capillarity and
adsorption effect for the small pores of shale reservoirs. They found that their model
would properly simulate CO2 EOR in unconventional reservoirs. Furthermore, the
capillarity consideration in the modeling process would predict a higher oil recovery by
CO2 injection rather than the cases which would not include the capillarity property.
Regarding lab reports, Song et al. (2013) conducted experimental investigations to
compare results for injecting CO2 and water in cores from Canadian-Bakken. They found
that the water flooding would enhance oil recovery better than the immiscible CO2 in the
huff-n-puff process.

However, miscible and near-miscible CO2 huff-n-puff would

overcome water performance in enhancing oil recovery. Hawthorne et al., (2013)
investigated the mechanism behind increasing oil recovery by injecting CO2 in Bakken
cores. They proved that the diffusion mechanism is the main mechanism for CO2 to
increase oil recovery in these complex plays. However, to extract oils from the shale
matrix by CO2, a long exposure time combined with large contact areas are required.
Gamadi et al., (2014) conducted an experimental work on shale cores from Mancos and
Eagle Ford to investigate the EOR potential of CO2 injection in these reservoirs. Their
laboratory results indicated that cyclic CO2 injection could improve oil recovery in shale
oil cores from 33% to 85% depending on types of shale cores and other operating
parameters. Alharthy et al., (2015) compared the performance of injecting different types
of gases such CO2, C1-C2 mixtures, and N2 on enhancing oil recovery in Bakken cores.
They concluded that injecting gas composed of C1, C2, C3, and C4 could produce nearly
as much oil as CO2 injection could produce which was 90% in several Middle Bakken
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cores and nearly of 40% in the Lower Bakken cores. Also, they found that the countercurrent mechanism is the main mechanism for these gases to recover more oils from shale
cores. Finally, Yu et al., (2016) investigated N2 flooding process experimentally in Eagle
Ford core plugs saturated with dead oil. They examined the effect of different flooding
times and different injection pressures on N2 flooding performance. They found that more
oil could be produced with a longer flooding time and higher injection pressure.
It is clear from the previous studies that CO2 would have a great potential to
enhance oil recovery in these poor- quality reservoirs. However, whether using CO2 in
Huff-n-Puff process or injecting CO2 in flooding scenario is still debatable. Due to the
low permeability, conformance problems in these reservoirs, and the significant
molecular-diffusion rate for CO2 reported in lab conditions, most of the researchers prefer
the CO2 Huff-n-Puff process on CO2 flooding. Unfortunately, the results of the pilot tests
for CO2-EOR in the cyclic process were disappointing (Hoffman and Evans, 2016). One
of the main reasons for the poor performance for CO2-EOR in the field scale might be
due to the wrong prediction for CO2 diffusion mechanism. A detailed study for
determining the level of CO2 diffusivity in the real field conditions have been conducted
in this work. Identifying the CO2 diffusivity level is the key to the success or failure of
the CO2-EOR technique in shale oil reservoirs.
3. MISCIBLE-GASES PILOT PROJECTS
Although there are a few pilots conducted to investigate the applicability of
miscible-gases EOR in shale oil reservoirs, this section provides the published results for
some pilots which have been mainly conducted in US and Canada. The start point is with
the IOR projects which have been conducted in Canadian Bakken. The interesting point
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is that the pilot tests which have been conducted in Canadian Bakken have approximately
the same well pattern, Toe-Heel pattern. Furthermore, the most interesting criteria in
these pilots, rather than the pilots which have been conducted in US Bakken, is that the
spacing between the injection wells and production wells is very short as 200 ft although
the porosity and permeability of Canadian Bakken are much higher than those for US
Bakken. This spacing between injectors and producers is much shorter than the spacing
between injectors and producers in the pilot tests which have been performed in US
Bakken (Alfarge et al., 2017a). This short spacing might be one of the main reasons
behind the encouraging results of the pilot tests in Canadian Bakken. The lateral length
for the production and injection wells which were drilled horizontally in Canadian
Bakken is approximately equal to one mile. Although the injection process in these pilots
was sporadical, any injectivity problems had not been reported. Schmidt et al., (2014)
reported a successful project in the Canadian Bakken. Their pilot project covered 1280
acres which were developed by a combination of 80-acre and 160-acre spacing. The
fluid and rock properties for their project are shown in Table 1. They designed their
project by a one-mile horizontal injector and nine perpendicular horizontal producers.
The wells pattern was Toe-Heel pattern. Natural gas (primary methane) was used as
injectant due to its availability in these reservoirs, its high compressibility, and its low
viscosity. They injected a lean gas (with C2-C7 content in the range of 138 bbl/MMCF to
145 bbl/MMcf) at an injection rate of 350-1000 Mscf/day without any reported problems
in the injectivity. The reported results of their pilot were encouraging in all nine offset
producers where the oil production rate increased from 135 bbl/day to 295 bbl/day as
shown in Figure 1. However, there were some problems related to conformance control
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where some early injected gases got a breakthrough in some of the producers. The gas
utilization value had been improved form 10 MCF/bbl to 6.5 MCF/bbl which is very well
consistent with the model prediction provided by Alfarge et al. (2017b). The results from
their pilot are motivating. However, the main reasons for the success of their project
might be because that Canadian Bakken has a permeability with 1-2 orders of magnitude
higher than the permeability for US Bakken and a porosity as a twice larger than that for
US Bakken (Hoffman and Evans, 2016). Furthermore, the short spacing between the
injectors and producers could be considered another reason for the success of these pilots.
Table 1. Summary of fluid and rock properties of the project area
Parameter

Value

Unit

Pilot Area
Net Pay
Porosity
Permeability
Water Saturation
Original Formation Volume Factor
Bubble Point Pressure
Oil Viscosity
Oil Gravity (Stock Tank)
OOIP (Pilot Area)

1280
23-26
9-10
0.01-0.1
55-59
1.328
990
2-3
42
8000

Acres
ft
%
md
%
Rb/STB
psi
cP
API
MSTB

Figure 1. Performance of natural gas EOR in Canadian-Bakken conditions
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Hoffman and Evans, (2016) reported seven IOR pilot-tests conducted in US
Bakken, performed in North Dakota and Montana. Four of these seven pilots injected
gases. Three of these four pilots injected CO2 while the fourth one injected enriched
natural-gas. Some of these pilots were performed as a huff-n-puff process while others
were designed in the continuous injection process. Table 2 shows the pilots distribution
and the fluid type injected. The start point is from the projects which were performed in
huff-n-puff tests. Pilot test#1 and pilot test#2 were conducted in different parts of US
Bakken by two different operators. They injected CO2 as a huff-n-puff process. Both of
them did not show problems related to the injectivity where they injected 1000 Mscf/day
and 1500-2000 Mscf/day at 2000-3000 psi respectively. However, a clear production
increment for any of them had not been well recognized as shown in Figure 2. Pilot
test#5 was conducted in a vertical well with 60 ft of middle Bakken pay-thickness to
perform a CO2 cyclic process. They injected 300-500 Mscf/day of CO2 for 20-30 days.
After that, they shut in the well for 20 days, then the production process was resumed.
They observed the injected CO2 produced in an offset well which was 900 ft away from
the injection well. It is clear that the operators fractured the vertical well at that high
flowrate, so they stopped the operations. The continuous gas injection process had been
performed in the pilot test#7. The pilot test#7 has one injector in the center surrounded by
four offset wells. Two of the producers which were to the east and the west were located
at 2300 ft away from the injector while the other two which were to the north and south
were located at 900 ft and 1200 ft respectively away from the injector. They injected an
enriched natural gas with approximately 55% methane, 10% nitrogen, and 35% of C2+
fractions. The injection rate was 1600 Mscf/day for 55 days at a target surface injection
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pressure equals to 3500 psi. As a result, all four offset wells had an increment in the oil
production rate. However, some people argued whether that oil increment from the
injection process or from the frac hits which were going on in the neighboring wells.
Once again, the natural gas EOR like what happened in the Canadian Bakken proved to
be a promising technique in these reservoirs. To sum up, the reported pilot-tests which
used natural gas as injectant were successful. However, CO2-EOR did not show a clear
success in the huff-n-puff process which might give a clear indication that the proposed
CO2 diffusion mechanism in lab conditions is not the same as in the field conditions.

Table 2. Summary of the pilot tests conducted in US Bakken formation
Name

State

Year

Fluid

Pilot Test #1

ND

2008

CO2

Pilot Test #2

MT

2009

CO2

Pilot Test #3

ND

2012

Water

Pilot Test #4

ND

Type

2012-2013

Water

Pilot Test #5

ND

2014

CO2

Pilot Test #6

MT

2014

Water

Pilot Pilot#7

ND

2014

Nat. gas

Figure 2. Oil production from two Bakken wells performed CO2-EOR (Hoffman and
Evans, 2016)
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4. MOLECULAR DIFFUSION
Gravity drainage, physical diffusion, viscous flow, and capillary forces are the
common forces which control the fluids flow in the porous media. However, one force
might eliminate the contributions of other forces depending on the reservoir properties
and operating conditions. Molecular diffusion is defined as the movement of molecules
caused by Brownian motion or composition gradient in a mixture of fluids (Mohebbinia
and Wong, 2017). This type of flow would be the most dominated flow in the fractured
reservoirs with a low-permeability matrix when gravitational drainage is inefficient
(Hoteit and Firoozabadi, 2009; Mohebbinia and Wong, 2017). It has been noticed and
proved that gas injection is the most common EOR process affected by the moleculardiffusion considerations. Ignoring or specifying incorrect diffusion rate during the
simulation process can lead to overestimate or underestimate the oil recovery caused by
the injected gas. This happens not only due to the variance in the miscibility-process
between the injected-gas and the formation-oil but also due to the path change for the
injected gas species from the fractures to the formation-matrix.
The Péclet number (Pe) is a class of dimensionless numbers which has been used
to measure the relative importance of molecular diffusion flow to the convection flow.
This number can be calculated as shown in Eq. 1. If Pe number is less than 1, the
molecular diffusion is the dominant flow. However, if Pe is greater than 50, convection is
the dominant flow. The dispersion flow is dominant when Pe in a range of 1 to 50 (Hoteit
and Firoozabadi, 2009).
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Pe =

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
= (𝐿𝐿^2/𝐷𝐷)/(𝐿𝐿/𝑣𝑣) = 𝐿𝐿𝐿𝐿/𝐷𝐷
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(2)

Where v is the bulk velocity, L is a characteristic length, and D is the molecular
diffusion coefficient.

5. CO2 MOLECULAR-DIFFUSION MECHANISM
Different mechanisms have been proposed for the ability of the injected CO2 to
improve oil recovery in unconventional reservoirs as shown in Table 3. However, since
the matrix permeability in these unconventional reservoirs is in a range of (0.1 –0.00001
mD), CO2 would not be transported by convection flux from fracture to matrix (Yu et al.,
2014). The main transportation method for the injected CO2 is depending on the
difference in the concentration gradient between the concentration of CO2 in the injected
gases and the concentration of CO2 in the target-oil. This process of transportation is
subjected to Fick’s law. The mechanism which is responsible for this process is called the
molecular diffusion mechanism. The molecular diffusion process would be more
dominated in the tight reservoirs with a significant heterogeneity. Hawthorne et al.,
(2013) extensively investigated the CO2-EOR diffusion-mechanism in Bakken cores and
they proposed five conceptual-steps to explain it. These conceptual steps include: (1)
CO2 flows into and through the fractures, (2) an unfractured rock matrix is exposed
to CO2 at fracture surfaces, (3) CO2 permeates the rock driven by pressure,
carrying some hydrocarbon inward; however, the oil is also swelling and extruding
some oil out of the pores, (4) oil migrates to the bulk CO2 in the fractures via swelling
and reduced viscosity, and (5) as the CO2 pressure gradient gets smaller, oil
production is slowly driven by concentration-gradient diffusion from pores into the
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bulk CO2 in the fractures. The importance of considering this mechanism is also
depending on the type of injected gases. For example, the shale oil has a high
concentration of light components such as methane. In the same time, the shale oil has a
low concentration of CO2. Therefore, considering this mechanism in the simulation
process for the injected CO2 has a significant effect on the obtained oil recovery.
However, considering this mechanism in the simulation process for the injected methane
has a minor effect on the obtained oil recovery (Hoteit and Firoozabadi, 2009). The
effect of the binary molecular diffusion between the injected CO2 and the formation oil
was simulated in this work by using the experimental correlation conducted by Sigmund
(1976a; 1976b). The following polynomial equation was fitted with their observed
experimental values.
𝐷𝐷𝑖𝑖𝑖𝑖 =

0
𝜌𝜌𝑘𝑘0 𝐷𝐷𝑖𝑖𝑖𝑖

𝜌𝜌𝑘𝑘

3
2
(0.99589 + 0.096016𝜌𝜌𝑘𝑘𝑘𝑘 − 0.22035𝜌𝜌𝑘𝑘𝑘𝑘
+ 0.032874𝜌𝜌𝑘𝑘𝑘𝑘

(2)

Where Dij is the binary diffusion coefficient in unit of cm2/s between component i and j
in the mixture, 𝜌𝜌𝑜𝑜 𝐷𝐷𝑖𝑖𝑖𝑖𝑜𝑜 is the zero-pressure limit of the density-diffusivity product, ρk is the
density of the diffusion mixture in kg/m3, 𝜌𝜌𝑘𝑘𝑘𝑘 is the reduced density which can be

calculated by Eq. 3, and the subscript k denotes the phase which could be water, oil, or
gas. In the simulator, the product of mixture density and diffusion coefficient can be
calculated by Eq. 4. The diffusion coefficient of component i in the mixture can be
calculated by Eq. 5.
𝜌𝜌𝑘𝑘𝑘𝑘 = 𝜌𝜌𝑘𝑘

𝑛𝑛

5/3

∑𝑖𝑖 𝑐𝑐 𝑦𝑦𝑖𝑖𝑖𝑖 𝑣𝑣𝑐𝑐𝑐𝑐

(3)

2/3

∑𝑛𝑛𝑛𝑛
𝑖𝑖 𝑦𝑦𝑖𝑖𝑖𝑖 𝑣𝑣𝑐𝑐𝑐𝑐

Where yik is the mole fraction of i species in phase k; and vci is the critical volume of i
species.
𝜌𝜌𝑘𝑘0 𝐷𝐷𝑖𝑖𝑖𝑖0 =

0.18583 𝑇𝑇 0.5
2
𝜎𝜎𝑖𝑖𝑖𝑖

℧𝑖𝑖𝑖𝑖 𝑅𝑅

1

1

∙ {𝑀𝑀 + 𝑀𝑀 }0.5
𝑖𝑖

𝑗𝑗

(4)
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Where R is the universal gas constant, T is the temperature; M is the molecular weight,
𝜎𝜎𝑖𝑖𝑖𝑖2 is the collision diameter between i and j, and ℧𝑖𝑖𝑖𝑖 is the collision integral of the
Lenard-Jones potential.

𝐷𝐷𝑖𝑖 = ∑

1−𝑦𝑦𝑖𝑖

(5)

−1
𝑖𝑖≠𝑗𝑗 𝑦𝑦𝑖𝑖 𝐷𝐷𝑖𝑖𝑖𝑖

Where Di is the diffusion coefficient of component i in the mixture and yi is the mole
fraction of component i.
Table 3. The proposed CO2 EOR mechanisms for improving oil recovery in ULR
CO2 mechanism

Approach tool

1-Diffusion
2-Reduction in Capillary forces
3-Repressurization
4-Extraction
5-Oil swelling and pressure maintenance
6-Oil Viscosity reduction
7-Combination of more than one mechanism from above

Lab
Lab and simulation
Lab
Lab
Lab and simulation
Lab and simulation
-

Most of the previous experimental studies reported that CO2 diffusion mechanism
is behind the increment in the oil recovery obtained in the lab conditions. Then, the
observed increment in the oil-recovery and/or the CO2 diffusion-rate obtained in the lab
conditions were upscaled directly to the field scale by using numerical simulation
methods. This direct upscaling methodology might be so optimistic because the lab-cores
have a higher contact area and longer exposure time to the injected CO2 than what might
happen in the real-conditions in the field scale. As a result, both of the previous
simulation studies and the experimental reports might be too optimistic to predict a quick
improvement in the oil recovery by injecting CO2 in these tight formations.
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6. NUMERICAL SIMULATION
Most of the reported simulation studies in this area simulated these naturally
fractured shale reservoirs by a combination of discrete fractures with a tight formation
matrix. They used the refinement process for the grids around the discrete fractures to
make the convergence in the numerical calculations happening. We think that their
combination, discrete fractures with tight formation matrix, would not capture the real
physics for these fractured shale reservoirs. In this simulation study, the LS-LR-DK
(logarithmically spaced, locally refined, and dual permeability) model was built to
simulate the CO2-EOR in shale reservoirs. The LS-LR-DK method can accurately
simulate the fluids flow in fractured shale-oil reservoirs. Furthermore, the representation
of the molecular-diffusion mechanism in the previously reported simulation methods
would also be misleading because most of the previous studies used the direct upscaling
for the lab observations, diffusion coefficients and/or oil increment resulted from CO2
injection in the lab cores. In this paper, an advanced general equation-of-state
compositional simulator was used to build the formation fluid model. Then, both of the
models, LS-LR-DK model and fluid model, have been combined to simulate
compositional interactions of the reservoir fluid and the injected CO2 during enhanced oil
recovery processes. Furthermore, the implementation of the diffusion model in the LSLR-DK model and fluid model has been conducted. In this study, we tried to build a
numerical model which has the typical fluid and rock properties of Bakken formation,
one of the most productive unconventional formations in the US. All of the simulation
processes have been carried out by using CMG-GEM simulator. In the models of this
study, we injected CO2 in different scenarios as Huff-n-Puff process through
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hydraulically fractured well in Bakken formation. All the mechanisms which were
proposed in Table 3 have been considered in this model. In this field case study, the
production well was stimulated with 5 hydraulic fractures. The spacing between the
hydraulic fractures is 200 ft. The simulated model includes two regions which are
stimulated reservoir volume (SRV) and un-stimulated reservoir volume (USRV) as
shown in Figure 3. The dimensions of the reservoir model are 2000 ft x 2000ft x42 ft,
which corresponds to length, width, and thickness respectively. The dimensions of the
fractured region are 5 fractures with half-length of 350 ft in J direction, width of 0.001 ft
in I direction, and fracture height of 42 ft in K direction. Fracture conductivity is 15
mD.ft. The other model input parameters are shown in Table 4.

a. Average pressure
Figure 3. a. Average pressure b. A closed view for SRV
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b. A closed view for SRV
Figure 3. a. Average pressure b. A closed view for SRV (con’t)

Table 4. Model input parameters for the base case
Parameter

value

Unit

The model dimensions
Production time
Top of reservoir
Reservoir temperature
Reservoir pressure
Initial water saturation
Total compressibility
Matrix permeability
Matrix porosity
Horizontal well length
Total number of fractures
Fracture conductivity
Fracture half-length
Fracture Height

2000x2000x42
20
8000
240
7500
0.3
1x10-6
0.005
0.085
1000
5
15
350
42

ft
year
ft
o
F
psi
value
psi-1
mD
value
ft
value
mD-ft
ft
ft
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7. COMPOSITIONAL MODEL
The typical Bakken oil has been simulated in this study. The oil used in this
model has 42 APIo, 725 SCF/STB, and 1850 psi as oil gravity, gas oil ratio, and bubble
point pressure respectively. It is known that compositional models are the most timeconsumed models’ due to the large number of components in the typical formation oil. In
our model, we have 34 components so that would take a long time for the simulator to
complete running one scenario. The common practice in the numerical simulations for
such situation is the careful lump for the reservoir oil components into a short
representative list of pseudo-components. These pseudo components could be acceptable
if they matched with the laboratory–measured phase behavior data. The supplied data for
such compositional models need to have a description of associated single carbon
numbers and their fractions, saturation pressure test results, separator results, constant
composition expansion test results, differential liberation test results, and swelling test
results. These steps can be used for tuning the EOS to match the fluid behavior.
WinProp-CMG was used to lump the original 34 components into 7 pseudo components
as shown in Table 5. WinProp is an Equation‐of‐State (EOS) based fluid behavior and
PVT modeling package. In WinProp, the laboratory data for fluids can be imported and
an EOS can be tuned to match the physical behavior for the lab data. Fluid interactions
can be predicted, and a fluid model can be then created for the use in CMG software.
Table 6 presents the Peng-Robinson EOS fluid description and binary interaction
coefficients of the Bakken crude oil with different injected gases. Figure 4 represents the
two-phase envelope for the Bakken oil which was generated by using WinProp-CMG.
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Table 5. Compositional data for the Peng-Robinson EOS in the model oil
Component

CO2
N2-CH4
C2H-NC4
IC5-CO7
CO8-C12
C13-C19
C20-C30

Mole fraction

0
0.2704
0.2563
0.127
0.2215
0.074
0.0508

Critical pressure
(atm)

7.28E+01
4.52E+01
4.35E+01
3.77E+01
3.10E+01
1.93E+01
1.54E+01

Critical Temp.
(K)

3.04E+02
1.90E+02
4.12E+02
5.57E+02
6.68E+02
6.74E+02
7.92E+02

Acentric Factor

Molar Weight
(g/gmole)

0.225
0.0084
0.1481
0.2486
0.3279
0.5672
0.9422

4.40E+01
1.62E+01
4.48E+01
8.35E+01
1.21E+02
2.20E+02
3.22E+02

Table 6. Binary interaction coefficients for Bakken oil
Component

CO2

N2-CH4

C2H-NC4

IC5-CO7

CO8-C12

C13-C19

CO2
N2-CH4

1.01E-01

C2H-NC4

1.32E-01

1.30E-02

IC5-CO7

1.42E-01

3.58E-02

5.90E-03

CO8-C12

1.50E-01

5.61E-02

1.60E-02

2.50E-03

C13-C19

1.50E-01

9.76E-02

4.24E-02

1.72E-02

6.70E-03

C20-C30

1.50E-01

1.45E-01

7.79E-02

4.27E-02

2.51E-02

Figure 4. The two-phase envelope for Bakken oil

6.00E-03
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8. RESULTS AND DISCUSSION
Firstly, we simulated the performance of natural depletion in Bakken formation.
The reservoir model was initially run in natural depletion for 7300 days (20 years). The
production well, which was hydraulically fractured, was subjected to the minimum
bottom-hole pressure of 1500 psi. The simulated Bakken well performance in the natural
depletion is shown in Figure 5. In the natural depletion scenario, it has been clear that the
production well started with a high production rate initially as shown in Figure 5. Then, it
showed a steep decline rate until it got leveled off at a low rate. This is the typical trend
to what happens in the most if not all unconventional reservoirs of North America. If we
investigate the pressure distribution in the reservoir model as shown in Figure 3, it is
clear that the main reason to that fast reduction in the production rate is due to the
pressure depletion in the areas which are close to the production well. However, the
reservoir pressure is still high in the areas which are far away from the production well.
This explains the poor feeding from neighboring areas in these types of reservoirs due to
what is called the permeability gel (tight formations).
Secondly, we determined the flow-type in the Natural-Depletion Stage. We
calculated the Péclet number (Pe) locally in each grid of the model. In the formation
matrix areas, the results indicated that Péclet number is way below 1 for both of gas
phase and oil phase which means that the diffusion flow is the most dominant flow in the
formation matrix as shown in Figure 6. However, in the hydraulic fractures areas, the
viscous flow is clearly dominated where Pe is way above 100. In the natural fractures
areas, the results indicated that Péclet number is significantly changeable where it is way
below 1 in the areas which are far away from hydraulic fractures; however, it is way
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above 100 in the areas which are close to the hydraulic fractures as shown in Figure 7.
According to the average value of Péclet number in the natural fractures areas, the
dispersion flow could be the most dominant flow.

Figure 5. The reservoir performance in natural depletion conditions

a. Gas phase
Figure 6. Péclet number distribution in the matrix a. Gas phase b. Oil phase
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b. Oil phase
Figure 6. Péclet number distribution in the matrix a. Gas phase b. Oil phase (con’t)

a. Gas phase
Figure 7. Péclet number in the natural fractures a. Gas phase b. Oil phase
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Figure 7. Péclet number in the natural fractures a. Gas phase b. Oil phase (con’t)

Thirdly, we investigated the effect of huff-n-puff cycles number on CO2
Performance. CO2 was injected in the production well as a huff-n-puff process in two
different scenarios as shown in Table 7. Each scenario has two cases: (1) The first case is
injecting CO2 assuming there is no molecular-diffusion mechanism for the injected CO2
into formation-oil, (2) The second case is injecting CO2 with molecular diffusion
mechanism enabled.

The results indicated that the CO2 performance for without-
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molecular diffusion case did not provide any improvement in the oil recovery from what
was obtained at natural depletion production; it is even worse than the base case for both
scenarios as shown in Figure 8. If we look closely, we found that the enhancement in the
oil production rate from CO2 injection did not offset the loss in the oil production, which
was happening during the soaking and injection period. This can be noticed by observing
the difference in the slope of oil recovery curves, before and after injecting CO2.
However, CO2-EOR, in the cases which considered molecular-diffusion, has improved
the oil recovery and oil production in a significant way as shown in Figure 8. However,
the results indicated that the CO2 performance is independent of huff-n-puff cycles
number for the cases which considered the molecular diffusion. For the cases which
considered the molecular diffusion, we can notice that the oil recovery obtained in both
scenarios is almost the same as shown in Figure 8. However, for without-diffusion cases,
the more cycles of CO2 huff-n-puff process is the worst. This can be explained by the
soaking period. The soaking period for the scenario which has 2 cycles is longer than that
for the 10-cycle scenario. The injected CO2 needs longer soaking periods to perform well
in such tight reservoirs.
Table 7. The agenda and time breakdown for CO2 huff-n-puff scenarios
Scenario 1

Scenario 2

2 cycles injected

10 cycles injected

The injection time for each cycle=6 months

The injection time for each cycle=2 months

Injection rate= 500 Mscf/day

Injection rate=500 Mscf/day

Soaking period=3 months

Soaking period=1 months

The production for each cycle=4 years and 3 months

The production for each cycle=9 months
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a. Scenario 1

b. Scenario 2
Figure 8. RF in natural depletion Vs with CO2-EOR a. Scenario1 b. Scenario 2
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If we investigate the reasons behind the role of molecular-diffusion mechanism on
CO2 performance to enhance oil recovery in these tight formations, we found this
mechanism makes CO2 penetrate deeper into the tight matrix, far away from the
hydraulic fractures as shown in Figure 9. However, the case of CO2 injection which does
not have a diffusion capacity makes the CO2 penetrate just in the limited areas around the
hydraulic fractures. Therefore, for the cases in which CO2 penetrate deeper in the tight
matrix, CO2 would swell more volumes of oil, reduce oil viscosity, and finally produce
larger quantities of oil by the counter-current mechanism. On the other hand, in the cases
which have CO2 with a low molecular-diffusion rate, the injected CO2 would be produced
back in the same well very soon. Therefore, producing the injected CO2 back would put
another hold on the oil production due to the slippage effect making the enhancement in
the oil production from these types of reservoirs even worse.

a. Without diffusion
Figure 9. CO2 injection a. Without diffusion b. With diffusion
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b. With diffusion
Figure 9. CO2 injection a. Without diffusion b. With diffusion (con’t)

8.1 PARAMETERS AFFECTING MOLECULAR-DIFFUSION
Firstly, we investigated the effect of the exposure time between the injected CO2
and the Formation-Fluid. To investigate the effect of the exposure time between the
formation oil and the injected-CO2 on the CO2 molecular diffusion mechanism, different
soaking periods have been used for the same scenario. The results confirmed the
prediction which is that CO2 would perform better in the cases which have a longer
soaking period rather than the cases which have a short soaking period as shown in
Figure 10. Another verification has been conducted to verify the effect of the exposure
time on the CO2-molecular diffusion. This verification has been done by injecting CO2 in
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the low-conductivity hydraulic fractures versus injecting CO2 in the high-conductivity
hydraulic fractures. The results indicated that the injected CO2 would enhance oil
recovery in the reservoirs with low-conductivity fractures more than the reservoirs with
high-conductivity fractures. To sum up, as far as the kinetics of the oil recovery process
in the productive areas do not exceed the CO2-diffusion rate, the injected CO2 would
experience more exposure time with the formation oil before its being produced back.
Therefore, CO2 would perform well in such conditions.
Secondly, we investigated the effect of the contact area between the injected CO2
and the formation-fluid. If we need to enhance the CO2-molecuar diffusion in these
formations, we need to have a large contact area between the injected CO2 and the
formation oil. This can be verified by running some of the model scenarios which have a
different contact area between the formation oil and the injected CO2. We did that
investigation by running two models which have exactly the same rock and fluid
properties. However, one of them injected CO2 in hydraulically fractured well (large
contact area) while the other one injected CO2 in non-hydraulically fractured well (small
contact area). The results confirmed the prediction which is that CO2 would perform
better in the hydraulically fractured well rather than the non-hydraulically fractured well
as shown in Figure 11 and Figure 12. Another verification has been done by injecting
CO2 into an open-hole well versus injecting CO2 into a cased hole. Also, the results
confirmed the prediction which is that CO2 would perform better in an open- hole
horizontal well rather than a cased-horizontal well
Performing Time. To investigate the effect of the performing time on CO2-EOR
performance, we injected CO2 at a different time from the production well life. In the first
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scenario, we injected CO2 after 5 years of the production life. However, in the second
scenario, we injected CO2 after 10 years from the production life. The results confirmed
the prediction which is that CO2 would perform better in the cases which have early CO2EOR rather than the cases which have late CO2-EOR as shown in Figure 13. This could
be explained by the effective-stress principle which might be significantly important to
control the permeability and porosity of natural fractures in shale oil reservoirs. As far as
the CO2-EOR performed earlier, its performance would be better because the injected
CO2 would find a good intensity of natural fracture opened which helps in enhancing CO2
diffusivity into formation-oil.

Figure 10. Effect of soaking period on CO2 huff-n-puff performance
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a. Un-fractured well
b. Fractured well
Figure 11. The distribution of the CO2 a. Un-fractured well b. Fractured well

a. Un-fractured well
Figure 12. CO2 performance in a. Un-fractured well b. Fractured well
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b. Fractured well
Figure 12. CO2 performance in a. Un-fractured well b. Fractured well (con’t)

Figure 13. Effect of the performing time on CO2-EOR in shale oil reservoirs
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8.2 DESIGN OF EXPERIMENTS FOR THE INFLUENCING FACTORS
Sensitivity Analysis. The purpose of Sensitivity Analysis is to determine how
sensitive an objective function to different parameters qualitatively and quantitively.
Identifying the parameters which have a high impact on CO2-EOR huff-n-puff
performance would give a good prediction for the CO2-EOR success or failure depending
on the reservoir properties prior to the field application. In this part, the objective
function used is the oil recovery factor at 10 years from CO2-EOR huff-n-puff process.
The parameters investigated and their range values are listed in Table 8. The statistical
methods which were used for ranking these parameters are as the following:
• Sobol Method: The Sobol method is one of the variance-based sensitivity
analysis methods to quantify the amount of variance that each input factor Xi contributes
to the unconditional variance of output V(Y) (CMG). For example, a given case with 3
inputs and one output, if 50% of the output change would happen by changing the first
input, 30% by changing the second input, 10% by changing the third one, and 10% due to
interactions between the first two input parameters, these percentages are clearly reflected
in measures of sensitivity. For more information about the basics and principles of this
method, the reference of Sobol (1992) can be reviewed.
• Morris Method: The Morris method (also named the Elementary Effects (EE)
method) is one of the screening methods which is used to determine the effect of the input
parameters on the model outputs (CMG). Morris approach has two measures, the Mean
and the Standard Deviation, which are used together. The Mean reflects the linear
influence of an input factor on the output function while the Standard Deviation reflects
the nonlinear or interaction functionality. The main effect is showing in the x-axis while
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the interaction effect is showing in the y-axis. For more information about the basics and
principles of this method, the reference of Morris (1991) can be reviewed.
•

Tornado Plot: a visual tool provides a qualitative and quantitative effect for the
input parameters on the output ones, with a higher value meaning more sensitive
to that parameter and vice versa (CMG). For more information about the basics
and principles of this method, CMG reference number can be reviewed.

8.3 RANK OF THE HIGH-IMPACT PARAMETERS
•

Formation Total Porosity (including natural fracture porosity): Both of Sobol
approach and Morris method indicated that the most important factor which
affects the obtained oil recovery by CO2-EOR is the total porosity of shale
formation as shown in Figure 15 and Figure 16. We concluded that as the
formation porosity and fracture intensity increase, oil recovery obtained by CO2EOR increases, which means that total porosity of the shale formation has a
positive effect on CO2-EOR performance as shown in Figure 14. The
interpretation which we think behind this behavior is that increasing the total
porosity of formation would increase the contact area between the injected CO2
and the formation oil, so CO2-EOR performance would be enhanced.

•

Formation Average Permeability (counting for HF, NF, and matrix
permeability): Both of Sobol approach and Morris method indicated that the
second parameter which controls the success of CO2-EOR is the average
conductivity of shale formation as shown Figure 15 and Figure 16. We found that
as the conductivity of oil pathways increased, oil recovery obtained by CO2-EOR
decreased, which means that the conductivity of oil-pathways has a negative
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effect on the CO2-EOR performance as shown in Figure 18. The interpretation
which we think behind this behavior is that increasing the conductivity of oil
pathways in shale formations would result in increasing the kinetics of oil
recovery process in the productive areas. As a result, for a limited effective
diffusion rate for the injected-CO2 into formation oil, CO2 would experience less
exposure time with the formation oil before its being produced back. Therefore,
CO2-EOR performance would be downgraded with the increasing in oil-pathways
conductivity.
•

Molecular Diffusion Rate: Both of Sobol approach and Morris method indicated
that the third parameter which controls the success of CO2-EOR is the molecular
diffusion rate between the injected CO2 and the formation oil as shown in Figure
15 and Figure 16. It is clear that as far as the molecular diffusion rate increased,
the oil recovery obtained by the CO2-EOR increased, which means that this
parameter has a positive effect on the CO2-EOR performance as shown in Figure
18. As far as the molecular diffusion rate increased, it would make CO2 penetrates
deeper into the tight matrix, far away from the hydraulic fractures. However, the
cases of CO2 injection which have a low diffusion capacity make the CO2
penetrate just in the limited areas around the hydraulic fractures. Therefore, for
the cases in which CO2 penetrates deeper in the tight matrix, CO2 would swell
more volumes of oil, reduce oil viscosity, and finally produce larger quantities of
oil by the counter-current mechanism. On the other hand, the cases in which CO2
has a low molecular-diffusion rate would produce the injected-CO2 back very
soon.
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Table 8. Parameters with their range used in the CMOST analysis
Parameters

Range

Total Porosity (%)
K in I-direction (mD)
K in J-direction (mD)
K in K-direction(mD)
Diffusion Rate (cm2/sec)
HF K in I-direction (mD)
HF K in J-direction (mD)
HF K in K-direction (mD)

0.05-0.11
0.005-0.011
0.005-0.011
0.005-0.011
0.0006-0.01
1-10000
1-10000
1-10000

Figure 14. Effect of the porosity on CO2-EOR
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Figure 15. Factors impacting CO2-EOR: Morris Method

Figure 16. Factors impacting CO2-EOR: Sobol Method
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Figure 17. Factors impacting CO2-EOR: Proxy Vs simulated model

Figure 18. Factors impacting CO2-EOR: Tornado plot
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8.4

CO2-DIFFUSIVITY LEVEL IN THE REAL CONDITIONS
We used the typical fluid and rock properties of Bakken to build a model for the

Pilot test#2 which have been reported in Hoffman and Evans (2016) paper and this pilot
was previously explained in this paper. Different scenarios were run until the best match
obtained between the well model and the pilot test as shown in Figure 20. Everything was
identical between the model results and pilot tests results which are shown in Figure 20;
however, there is only one difference. This difference is that the oil production came
quickly after the soaking period in the pilot test; however, it takes longer time in the
model case. We believe this is happening due to the reported conformance problems in
these pilots where CO2 produced in the offset wells. Therefore, the produced-back CO2
volumes during puff process were small which resulted in less hold up effect on the
produced-oil. However, in our model, we did not induce injection fractures. Therefore,
CO2 in large volumes produced back during the puff process of our model.
Among different scenario which we investigated, we found that this match can be
obtained in a dual permeability model with a low molecular diffusivity for the injected
CO2. This means that either of the diffusion rates for the injected CO2, in the reservoir
conditions, is too low or the kinetics of the oil recovery process in the production areas
are fast. The first possibility which is the low-diffusivity for the injected CO2 in shale
reservoirs conditions can be explained by two ways: (1) The contact area between the
injected CO2 and the formation oil is small, (2) The exposure time between the injected
CO2 and the formation oil is short. The contact area between CO2 and the formation oil is
a function of the natural-fractures intensity in shale oil reservoirs. Although it has been
reported that these types of reservoirs have a high intensity of natural fractures, the dual
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permeability model can match the conducted pilot test results with a low intensity of
natural fractures. This indicated that either of these natural fractures is not active or they
are not connected in good pathways with the hydraulic fractures.
Most of the previous experimental studies reported that CO2 diffusion mechanism
is behind the increment in the oil recovery obtained in the lab conditions. This increment
in the oil recovery and/or the diffusion rate observed in the lab conditions was directly
upscaled by most of the previous researchers to the field scale via numerical simulation
methods. This direct upscaling methodology is so optimistic because the lab-cores have a
higher contact area and a longer exposure time to the injected CO2 than what happens in
these reservoirs conditions. Therefore, both of the previous simulation studies and the
experimental reports were optimistic to predict a quick improvement in the oil recovery
by injecting CO2 in these unconventional reservoirs. This might explain why the results
from the CO2 pilot tests are disappointing. To sum up, the molecular diffusivity for the
injected CO2 in the pilot tests had not been well recognized because either of the kinetics
for the oil recovery process in the productive areas of these reservoirs are too fast or the
CO2 diffusion rate in the field conditions is too slow. According to this study, what
happened in the field scale and what should be done is summarized in Figure 21.

Figure 19. CO2 Pilot test#2 (Hoffman and Evans, 2016)
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Figure 20. History match for pilot test#2

Figure 21. What happens at the field scale and what should be done
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9. CONCLUSIONS

• From this study, some general guidelines have been provided to understand the CO2EOR performance in the field scale of unconventional reservoirs in North America.
• Three different approaches which are lab reports, numerical simulations, and pilot
tests have been combined and compared in this study for getting an integrated picture
about CO2-EOR mechanisms in shale oil reservoirs.
• Design of Experiments proved that the natural fracture intensity and oil-pathways
conductivity are the two main factors which control CO2-EOR success in shale oil
reservoirs. However, the fractures intensity has a positive effect on CO2-EOR while
the later has a negative effect.
•

The performing time for CO2-EOR has a significant effect on the CO2 huff-n-puff
success.

•

Molecular diffusion mechanism is the critical key for CO2-EOR success in shale oil
reservoirs. However, the direct upscaling for this mechanism to the field scale via
conventional simulation methods by using the same lab-obtained CO2 diffusion rates
is misleading.

•

To be significant in the field scale, this mechanism requires having either of kinetics
for the oil recovery process in the productive areas of these reservoirs are too slow or
CO2 diffusion rates in field conditions are too fast.

•

The history match with some of the reported pilot-tests indicated that the kinetics of
oil recovery process in the productive areas are faster than the diffusion rates for the
injected CO2 into these poor-quality reservoirs.
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ABSTRACT
Unconventional resources have played a significant role in changing oil industry
plans recently. Shale formations in North America such as Bakken, Niobrara, and Eagle
Ford have huge oil in place, 100-900 Billion barrels of recoverable oil in Bakken only.
However, the predicted primary recovery is still below 10%. Therefore, seeking for
techniques to enhance oil recovery in these complex plays is inevitable. In this paper, two
engineering-reversed approaches have been integrated to investigate the feasibility of
CO2-EOR huff-n-puff process in shale oil reservoirs. Firstly, a numerical simulation
study was conducted to upscale the reported experimental-studies outcomes to the field
conditions. As a result, different forward diagnostic plots have been generated from
different combinations of CO2 physical mechanisms with different shale-reservoirs
conditions. Secondly, different backward diagnostic plots have been produced from the
history match with CO2 performances in fields’ pilots which were performed in Bakken
formation of North Dakota and Montana. Finally, fitting the backward with the forward
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diagnostic plots was used to report and diagnose some findings regarding the injectedCO2 performance in field scale.
This study found that the porosity and permeability of natural fractures in shale
reservoirs are significantly changeable with production time, which in turn, led to a clear
gap between CO2 performances in lab-conditions versus to what happened in field pilots.
As a result, although experimental studies reported that CO2 molecular-diffusion
mechanism has a significant impact on CO2 performance to extract oils from shale cores,
pilot tests performances indicated a poor role for this mechanism in field conditions.
Therefore, the bare upscaling process for the oil recovery improvement and the CO2molecualr diffusion rate, which are obtained from CO2 injection in lab-cores, to the field
scale via numerical simulations needs to be reconsidered. In addition, this study found
that kinetics of oil recovery process in productive areas and CO2-diffusivity level are the
keys to perform a successful CO2-EOR project. Furthermore, general guidelines have
been produced from this work to help in performing successful CO2 projects in these
complex plays. Finally, this paper provides a thorough idea about how CO2 performance
is different in field scale of shale oil reservoirs as in lab-scale conditions.
1. INTRODUCTION
In current days, conventional oil and gas reservoirs are showing a clear trend of
depletion and diminish in number. Therefore, seeking for unconventional reservoirs has
been the target over the last 20 years. Fortunately, the investment in these unconventional
plays has been yet successful. Oil production from tight formations including shale plays
has shared for more than 50% of total oil production in US (Alfarge et al., 2017).
Hoffman and Evans (2016) reported that 4 million barrels per day as an increment in US
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oil daily production comes from these unconventional oil reservoirs. From 2011 to 2014,
Unconventional Liquids Rich (ULR) reservoirs contributed to all-natural gas growth and
nearly 92% of the oil production growth in US (Alfarge et al., 2017). Specifically,
Bakken and Eagle Ford contributed to more than 80% of total US oil production which
produced from these tight formations (Yu et al., 2016a). More recently, Bakken
formation alone delivers close to 10% of the total US production with more than 1.1
million barrels per day (Alvarez et al, 2016). This revolution in oil and gas production
happened mainly because shale oil reservoirs have been just increasingly developed due
to the advancements in horizontal wells and hydraulic fracturing in last decade. Several
studies have been conducted to estimate the recoverable oil in place in these complex
formations indicating a large amount of oil in place. The available information refers to
100-900 Billion barrels in Bakken only. However, the predicted recovery from primary
depletion could lead to only 7% of the original oil in place (Clark, 2009). Furthermore,
some investigators argued that the primary recovery factor is still in a range of 1-2 % in
some of the plays in North America (Wang et al., 2016). For example, the North Dakota
Council reported that “With today's best technology, it is predicted that 1-2% of the
reserves can be recovered” (Sheng, 2015). The main problem during the development of
unconventional reservoirs is how to sustain the hydrocarbon production rate, which also
leads to low oil recovery factor. The producing wells usually start with a high production
rate initially; however, they show steep decline rate in first 3-5 years until they get
leveled off at very low rate. According to Yu et al. (2014), the main reason behind the
quick decline in production rate is due to the fast depletion of natural fractures networks
with a slow recharging from matrix system, which is the major source of hydrocarbon.
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Therefore, oil recovery factor from the primary depletion has been predicted typically to
be less than 10% (LeFever et al, 2008; Clark, 2009; Alharthy et al., 2015; Kathel and
Mohanty 2013, Wan et al., 2015; Alvarez et al, 2016).
Since these reservoirs have huge original oil in place, any improvement in oil
recovery factor would result in enormous produced oil volumes. Therefore, IOR methods
have huge potential to be the major player in these huge reserves. Although IOR methods
are well understood in conventional reservoirs, they are new concept in unconventional
ones. All basic logic steps of the academic research such as experimental works,
simulation studies, and pilot tests for investigating the applicability of different IOR
methods have just started over the last decade. Miscible gas injection has shown excellent
results in conventional reservoirs with a low permeability and light oils. Extending this
approach to unconventional reservoirs including shale oil reservoirs in North America
has been extensively investigated over the last decade. The gases which have been
investigated are CO2, N2, and an enrich natural gases. However, the majority of the
previous studies focused on CO2 due to different reasons. CO2 can dissolve in shale oil
easily, swell the oil and lower its viscosity. CO2 has a lower miscibility pressure with
shale oil rather than other gases such as N2 and CH4 (Zhang et al., 2016). Moreover, the
CO2 performance in lab conditions was excellent in increasing oil recovery in shale cores.
However, the minimum miscible pressure of CO2 in these types of oil has a controversial
range in between 2500 psi to 3300 psi. Furthermore, it has been reported that oil of these
reservoirs has a low acid number which might give the hope to apply CO2 injection
successfully without asphaltenes precipitation problems (Kurtoglu et al., 2014).
Unfortunately, the results of pilot-tests for CO2-EOR, huff-n-puff protocol, which have
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been conducted in unconventional reservoirs of North America were disappointing
(Hoffman and Evans, 2016). This gap in CO2 performance in lab-conditions versus to
what happened in the field scale suggests that there is something missing between the
physics of microscopic-level and macroscopic-level of these plays. Most of the
experimental studies reported that the molecular-diffusion mechanism for CO2 is behind
the increment in oil recovery obtained in lab scale (Alfarge et al., 2017). Furthermore,
most of the previous simulation studies relied on the lab-diffusivity level for these
miscible gases to predict the expected oil increment in the field scale (Alfarge et al.,
2017). One of the main reasons for the poor-performance for CO2 in the pilot tests might
be due to the wrong prediction for CO2 diffusion-mechanism in these types of reservoirs.
The purpose of this study is to diagnose the reasons behind the gap in the CO2
performance in lab-conditions versus to what happened in the field-scale of shale
reservoirs.
2. BACKGROUND
Starting with lab-work tools, the study of Song et al. (2013) conducted an
experimental investigation to compare results from injecting CO2 and water in Bakken
cores. They found that water flooding would enhance oil recovery better than immiscible
CO2 in Huff-n-Puff protocol. However, miscible and near miscible CO2 Huff-n-Puff
would achieve better performance than water flooding in enhancing oil recovery.
Hawthorne et al., (2013) investigated the mechanisms behind increasing oil recovery by
injecting CO2 in Bakken cores. They proved that diffusion mechanism is the main
mechanism for CO2 to increase oil recovery in these complex plays. However, to extract
oil from shale matrix by CO2, long times of exposure combined with large contact areas
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are required. Gamadi et al. (2014) conducted experimental work on shale cores from
Mancos and Eagle Ford to investigate the potential of CO2 injection in these reservoirs.
Their laboratory results indicated that the cyclic CO2 injection could improve oil recovery
in shale oil cores in a range of 33% to 85% depending on the shale core type and other
operating parameters. Alharthy et al., (2015) compared the performance of injecting
different types of gases such CO2, C1-C2 mixtures, and N2 on enhancing oil recovery in
Bakken cores experimentally. They concluded that injecting gas, composed of C1, C2, C3,
and C4, could produce nearly as much oil as CO2 injection could which was 90% in
several Middle Bakken cores and nearly 40% in Lower Bakken cores. Also, they found
that the counter-current mechanism is the main mechanism for these gases to recover oil
in shale cores. Finally, Yu et al., (2016) investigated N2 flooding process experimentally
on Eagle Ford core plugs saturated with dead oil. They examined the effect of different
flooding time range and different injection pressure on N2 flooding performance. They
found that more oil was produced with a longer flooding time and higher injection
pressure. To sum up, CO2 showed a good potential to extract oil from shale cores in
experimental works (Jin et al., 2016).
The numerical simulation studies of Shuaib et al., (2009) and Wang et al., (2010)
might be the early published studies in this area. Those models showed that 10-20% of
incremental oil could be recovered by continuous gas flooding while 5-10% could be
recovered by huff-n-puff gas protocol (Evans and Hoffman, 2016). Dong et al., (2013)
reported a numerical study evaluating CO2 injection performance in the Bakken interval
in a sector of Sanish Field. They came up with a scenario to increase CO2 injectivity in
that field by drilling more horizontal injection wells. Their scenario predicted the

194
possibility to inject 5000 Mscf/day at a maximum injection pressure of 8000 psi. In their
simulation study, they found that using CO2 injection method might increase oil recovery
from 5% to 24% in that field. Xu et al., (2013) evaluated the reservoir performance of
Elm Coulee field in Eastern Montana under CO2 flooding with different hydraulic
fracture orientations. They found that transverse fractures could give higher oil recovery
factor, but they have lower utilization value than longitudinal fractures due to
breakthrough problems. Zhu et al., (2015) constructed a model in which gas could be
injected into a hydraulic fracture along a horizontal well and the production process could
occur in an adjacent fracture which has an intersection with the same well. They found a
substantial improvement in oil recovery by injecting CO2 in reservoirs with fluid flow
from fracture to fracture. Pu et al., (2016) introduced a new model which considers
capillarity and adsorption effect of the small pores for shale reservoirs. They found that
using this model would simulate CO2-EOR in unconventional reservoirs properly.
Furthermore, capillarity consideration in the modeling process would predict higher oil
recovery by CO2 injection than the cases which do not include the capillarity property.
It is clear from the previous studies that CO2 would have a great potential to
enhance oil recovery in these poor- quality reservoirs. However, whether using CO2 in
Huff-n-Puff protocol or injecting CO2 in flooding scenario is still a controversial
argument. Due to the low permeability, conformance problems in these reservoirs, and
the significant observed molecular-diffusion rate for CO2 in lab conditions, most of the
previous researchers prefer the CO2 Huff-n-Puff on CO2 flooding. Unfortunately, the
results of pilot tests for CO2 injection in the cyclic process were disappointing (Evans and
Hoffman, 2016). Therefore, this study has been conducted for determining the reasons
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causing the gap in the performance of CO2-EOR in lab-conditions versus to what
happened in the field-scale.
3. MOLECULAR DIFFUSION
Gravity drainage, physical diffusion, viscous flow, and capillary forces are the
common forces which control the fluids flow in porous media. However, one force might
eliminate the contributions of others depending on the reservoir properties and operating
conditions. Molecular diffusion is defined as the movement of molecules caused by
Brownian motion or composition gradient in a mixture of fluids (Mohebbinia et al.,
2017). This type of flow would be the most dominated flow in fractured reservoirs with a
low-permeability matrix when a gravitational drainage is inefficient (Moorgate and
Firoozabadi, 2013; Mohebbinia et al., 2017). It has been noticed and proved that gas
injection is the most common EOR-process affected by calculations of moleculardiffusion considerations. Ignoring or specifying incorrect diffusion-rate during simulation
process can lead to overestimate or underestimate the oil recovery caused by the injected
gas. This happens not only due to the variance in miscibility-process between the
injected-gas and formation-oil but also due to the path change of the injected gas species
from fractures to the formation-matrix.
The Péclet number (Pe) is a class of dimensionless numbers which have been
used to measure the relative importance of molecular diffusion flow to the convection
flow. This number can be calculated by Eq. 1. If Pe number is less than 1, diffusion is
the dominant flow. However, if Pe is greater than 50, convection is the dominant flow.
The dispersion flow is dominant when Pe in a range of 1 to 50 (Hoteit and Firoozabadi,
2009). Figure 1 explains the flow regimes according to Péclet number cutoffs.
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Figure 1. Flow regimes according to Péclet number cutoffs

4. CO2 MOLECULAR-DIFFUSION MECHANISM
Different mechanisms have been proposed for the injected CO2 to improve oil
recovery in unconventional reservoirs as shown in Table 3 of paper I of this dissertation.
However, since the matrix permeability in these unconventional reservoirs is in range
(0.1 –0.00001 md), CO2 would not be transported by convection flux from fracture to
matrix (Yu et al., 2014). The main transportation method for CO2 happens due to the
difference in the concentration gradient between CO2 concentration in the injected gases
and the target-oil. This process of transportation is subjected to Fick’s law. Hawthorne et
al., (2013) extensively investigated the CO2 diffusion-mechanism in Bakken cores and
proposed five conceptual-steps to explain it. These conceptual steps include: (1) CO2
flows into and through the fractures, (2) unfractured rock matrix is exposed to CO2
at fracture surfaces, (3) CO2 permeates the rock driven by pressure, carrying some
hydrocarbon inward; however, the oil is also swelling and extruding some oil out of the
pores, (4) oil migrates to the bulk CO2 in the fractures via swelling and reduced
viscosity, and (5) as the CO2 pressure gradient gets smaller, oil production is
slowly driven by concentration-gradient diffusion from pores into the bulk CO2 in the
fractures.
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Most of the previous experimental studies reported that CO2 diffusion mechanism
is behind the increment in oil recovery obtained in lab conditions. Then, the observed
increment in oil-recovery and/or the CO2 diffusion-rate obtained in lab conditions were
upscaled directly to the field scale by using numerical simulation methods. This direct
upscaling methodology might be so optimistic due to the fact that the lab-cores have a
higher contact area to CO2 than what might happen in the real-conditions of
unconventional reservoirs. As a result, both of previous simulation studies and
experimental works might be too optimistic to predict a quick improvement in oil
recovery by injecting CO2 in these tight formations.
5. METHODOLOGY
To determine the reasons causing the gap in the CO2 performance in lab
conditions versus to what happened in the pilot tests, field scale conditions, we need to
start with screening the parameters which we are sure of them and the parameters which
have some ambiguity. The parameters which are known in these pilot-tests are the
following:
•

PVT data, and oil composition properties

•

Major Wells and stimulation criteria

•

Rock properties

•

CO2 injection operating parameters (rate, pressure, time)

•

Produced oil rate versus time

•

CO2 performance in lab conditions (most of the mechanisms and observations)
On the other hand, the most important parameters which have an ambiguity
in these pilot-tests are the following:
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 CO2 diffusivity level in the field scale
 Natural fracture intensity, porosity, and permeability in the field scale
According to this diagnose, the systematic methodology for this work is falling
into two reversed scenarios. Firstly, a numerical simulation study was conducted to
upscale the reported outcomes of experimental studies to the field conditions. As a result,
different forward diagnostic plots have been generated from different combinations of
CO2 physical mechanisms with different shale-reservoirs conditions. Secondly, different
backward diagnostic plots have been produced from the history match with CO2
performances in fields’ pilots which were performed in Bakken formation of North
Dakota and Montana. Finally, fitting the backward with the forward diagnostic plots was
used to report and diagnose some findings regarding the performance of the injected CO2
in the field scale. Figure 2 shows the detailed methodology for this study. This study is
the first numerical simulation study to integrate the two reversed approaches in this area
of research. All of the previous numerical simulation studies either chose the direct
upscale for the lab observation or built merely a conceptual model.

Figure 2. Systematic methodology for this study
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6. NUMERICAL SIMULATION
In this simulation study, the LS-LR-DK (logarithmically spaced, locally refined,
and dual permeability) model was used. The LS-LR-DK method can accurately simulate
the fluid flow in fractured shale oil reservoirs. Also, an advanced general equation-ofstate compositional simulator has been used to build an equation-of-state model. Then,
both of models have been combined to simulate compositional effects of reservoir fluids
during primary and enhanced oil recovery processes. Furthermore, the implementation of
a diffusion model in the LS-LR-DK (logarithmically spaced, locally refined, and dual
permeability) model has been conducted. In this study, we tried to build a numerical
model which has the typical fluid and rock properties of Bakken formation, one of the
most productive unconventional formations in US. In this model, we injected EOR-CO2
in different scenarios as Huff-n-Puff protocol through hydraulically fractured well in
Bakken formation. All the mechanisms which were proposed in Table 3 of paper I of this
dissertation have been considered in this model.
In this field case study, the production well was stimulated with 5 hydraulic
fractures as shown in Figure 2 of Paper II of this dissertation. The spacing between the
hydraulic fractures is 200 ft. The simulation model includes two regions which are
stimulated reservoir volume (SRV) and un-stimulated reservoir volume (USRV). The
dimensions of the reservoir model are 2000 ft x 2000ft x42 ft, which corresponds to
length, width, and thickness respectively. The dimensions of the fractured region are 5
fractures with a half-length of 350 ft in J direction, width of 0.001 ft in I direction, and
fracture height of 42 ft in K direction. Fracture conductivity is 15 md.ft. The other model
input parameters are shown in Table 1 of Paper II of this dissertation.
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7. COMPOSITIONAL MODEL
The typical Bakken oil has been simulated in this study. The oil used in this model
has 42 APIo, 725 SCF/STB, and 1850 psi as oil gravity, gas oil ratio, and bubble point
pressure respectively. It is known that compositional models are the most time-consumed
models due to the number of components in a typical reservoir oil. In our model, we have
34 components so that would take a long time for the simulator to complete run one
scenario. The common practice in numerical simulation for such situation is the careful
lump of reservoir oil components into a short representative list of pseudo components.
These pseudo components could be acceptable if they have matched with the laboratory–
measured phase behavior data. The supplied data for the reservoir oil needs to have a
description of associated single carbon numbers and their fractions, saturation pressure
test results, separator results, constant composition expansion test results, differential
liberation test results, and swelling test results (CMG, 2016). All of these data can be
used for tuning the EOS to match the fluid behavior. In our simulation, by using
WinProp-CMG, we lumped the original 34 components into 7 pseudo components as
shown in Table 2 of paper II of this dissertation. WinProp is an Equation‐of‐State (EOS)‐
based fluid behavior and PVT modeling package. In WinProp, laboratory data for fluids
can be imported and an EOS can be tuned to match its physical behavior. Fluid
interactions can be then predicted, and a fluid model can be also created for use in CMG
software (CMG, 2016). the Peng-Robinson EOS fluid description and binary interaction
coefficients of the Bakken crude oil with different gases were shown in Table 3 of Paper
II of this dissertation. The two-phase envelope for Bakken oil which was generated by
WinProp-CMG was shown in Figure 3 of paper II of this dissertation.

201
8. RESULTS AND DISCUSSION
Hoffman and Evans (2016) reported seven pilot-tests in Bakken formation
conducted in North Dakota and Montana. We are presenting just one pilot of them in this
section. This pilot was indicated in his paper as pilot test#2. This pilot-test injected CO2
as Huff-n-Puff process in Bakken formation, in Montana portion. They injected 15002000 Mscf/day of CO2 for 45 days at an injection pressure of 2000-3000 psi. The
soaking period was proposed to be 2 weeks. Then, the well was put back in the
production process. The operating parameters for this pilot tests were suggested as shown
in Table 1.

Table 1. The operating parameters for Pilot Test#2
Scenario

Time

Primary depletion at BHP=1500psi

9 Years

CO2 Injection period (at rate of 1500

2 months

Mscf/day)
Soaking

14 days

Back for production

10 years and 7.5 months

Different proposed mechanisms for CO2 to enhance oil recovery in shale oil
reservoirs, which are shown in the Table 3 of paper I in this dissertation, have been
combined with both of different intensity, porosity, and permeability for natural fractures
and the operating parameters for pilot test#2 which are shown in Table 1. As a result,
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different diagnostic plots of these combinations have been generated. In this paper, we
call these diagnostic plots as the forward diagnostic plots as shown in Figure 3. In the
meantime, we created a history match process with the performance of pilot test#2 as
shown in Figure 4B. We call these plots, history-match plots, as backward diagnostic
plots. If we compare the forward diagnostic plots, Figure 3, with the performance of pilot
test#2 which is shown in Figure 4A, it is clear there are some diagnostic curves which are
close to what happened in that pilot test; however, the other diagnostic curves are far
away from what happened in the field. We concluded that the diagnostic plots which
have a good match with the pilot test have two main criteria in common. These two main
properties are as following:
(1) The performance of the pilot test is matching the solutions of low-effective
diffusivity for the injected CO2.
(2) The performance of the pilot test is matching the solutions which have natural
fractures of changeable porosity and permeability as shown in Figure 4B. In
the beginning of the well life, the well performance could match the solutions
which have a high porosity and permeability for the simulated natural
fractures. However, the well performance could match the solutions which
have lower porosity and permeability at a later time. The reasons behind this
behavior are similar to the reasons causing the permeability and porosity
reduction with the production time in both of shale gas and coal-bed methane
reservoirs as shown in Figure 6.

203

Figure 3. The simulated forward diagnostic plots

(A)CO2 Pilot test#2 (Hoffman and Evans, 2016)

(B) History match from the simulated model

Figure 4. The pilot test performance versus the simulation match
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We think that the previous two main characteristics for shale reservoirs are the
critical points for CO2-EOR success in shale reservoirs. In addition, these two main
criteria are not fully considered in lab conditions which in turn led to this gap in CO2
performance in lab conditions versus to what happened in the field scale. In most of the
reported experimental studies, small chips of natural cores were exposed to CO2 for a
long time under a high pressure and temperature. Therefore, in the lab scale, the contact
area and exposure time between CO2 and formation cores are much larger than what
happens in the field scale. In the reported pilot test, there is no such a long exposure time
and large contact area. Therefore, CO2 needs a good molar-diffusivity, so it can invade
the matrix-oil and extract oils by counter-current mechanism because the diffusion flow
is the dominated flow in these types of reservoirs as shown in Figure 5. Furthermore, it
needs a large contact area between the injected CO2 and the formation-oil. This can be
done by performing CO2 in an early time of the production well life before natural
fractures get closed.

A-Gas Phase

B-Oil Phase

Figure 5. Péclet number distribution a long cross section in the matrix-model
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Figure 6. The change in permeability and porosity of natural fractures with time (Wang et
al., 2015)
To approve these speculations, we injected CO2 into the same well of Bakken in
two separated cases. In the first case, we injected CO2 in the production well assuming
there is no molecular-diffusion for CO2 into the formation-oil. However, in the second
scenario, we injected CO2 with a molecular-diffusion mechanism enabled. Two cycles of
CO2 Huff-n-Puff have been applied for each case. The agenda and the time breakdown
for both cases are shown in Table 2.
Table 2. The agenda and time breakdown for both of two cases
Scenario

Time

Primary depletion at BHP=1500 psi
CO2 Injection at rate of 500 Mscf/day (1st cycle)
Soaking time
Back for production
CO2 Injection at rate of 500 Mscf/day (2nd Cycle)
Soaking
Back for production
Total time for modeling

10 Years
6 months
3 months
4 years and 3 months
6 months
3 months
4 years and 3 months
20 years
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The results indicated that the CO2 performance for without-molecular diffusion
case did not provide a significant improvement in oil recovery or oil production rate from
what was obtained at natural depletion production as shown in Figure 7. If we look
closely, we found that the enhancement in oil recovery due to CO2 injection would not
offset the loss in oil production which was happening due to the soaking and injection
period. However, CO2 with the molecular-diffusion case has improved the oil recovery
and oil production in a significant way as shown in Figure 7.

(A) Oil rate

(B) Oil recovery factor

Figure 7. Effect of molecular diffusion on CO2-EOR in shale oil reservoirs
If we investigate the reasons behind the role of molecular-diffusion mechanism on
CO2-EOR performance to enhance oil recovery in these tight formations, we found this
mechanism makes CO2 penetrate deeper into the tight matrix, far away from the
hydraulic fractures as shown in Fig. 12. However, the case of CO2 injection which does
not have a diffusion capacity makes the CO2 penetrate just in the limited areas around the
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hydraulic fractures. Therefore, for the cases in which CO2 penetrates deeper into the tight
matrix, CO2 would swell more volumes of oil, reduce oil viscosity, and finally produce
larger quantities of oil by counter-current mechanism. On the other hand, the cases in
which CO2 has a low molecular-diffusion rate would produce the injected-CO2 back very
soon. Therefore, producing the injected CO2 back would put another hold on oil
production due to slippage-effect making the enhancement in oil production for these
types of reservoirs even worse. Since the diffusion mechanism for CO2 has a significant
effect to enhance oil recovery in shale oil reservoirs, any change in CO2 diffusion rate
would result in a clear change in oil recovery factor.

(A)without-molecular diffusion

(B) with Molecular Diffusion

Figure 8. Distribution of the injected CO2 with and without molecular diffusion
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To investigate the effect of the performing time on CO2-EOR performance, we
injected CO2 at a different time from the production well life. In the first scenario, we
injected CO2 after 5 years of the production life. However, in the second scenario, we
injected CO2 after 10 years from the production life as in the pilot-test case. The results
confirmed the prediction which is that CO2 would perform better in the cases which have
earlier CO2-EOR rather than the cases which have late CO2-EOR as shown in Figure 9.
This could be explained by the effective-stress principle which might be significantly
important to control the permeability and porosity of natural fractures in shale oil
reservoirs. As far as the CO2-EOR performed earlier, its performance would be better
because the injected CO2 would find a good intensity of natural fracture opened which
helps in enhancing its diffusivity into the formation oil. Another verification has been
conducted to verify the effect of exposure time on CO2 molecular diffusion. This
verification has been done by injecting CO2 in low-conductivity hydraulic fractures
versus injecting CO2 in high-conductivity hydraulic fractures. The results indicated that
CO2 would enhance oil recovery in low-conductivity fractures more than in highconductivity fractures. The reason causing the difference in CO2-EOR performance
according to the fracture conductivity is that the CO2 would be produced back in a faster
way in high-conductivity fractures cases as shown in Figure 10. The fast production for
CO2 would downgrade the CO2 diffusivity into formation-oil, which in turn would reduce
its performance to enhance producing more oil. To sum up, as far as the kinetics of oil
recovery process in productive areas do not exceed the CO2-diffusion rate, the CO2 would
experience more exposure time with the formation oil before its being produced back
which makes CO2 more successful to enhance oil recovery in such reservoirs.
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Figure 9. Effect of the performing time on CO2-EOR in shale oil reservoirs

5 md.ft

15 md.ft

Figure 10. Effect of fracture conductivity on CO2-EOR performance
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9. CONCLUSIONS

•

Most of the previous experimental studies relied on CO2 Molecular-diffusion
mechanism to predict the potential success for CO2 in shale reservoirs.

•

Upscaling this mechanism to the field scale via simulation methods by using the same
lab-obtained CO2-diffusion rate is misleading.

•

To be significant in the field scale, this mechanism requires having either of kinetics
for oil recovery process in productive areas of these reservoirs to be too slow or CO2
diffusion rate in field conditions to be too fast.

•

The results from the reported pilot-tests are matching with the low-diffusivity
diagnostic plots.

•

The intensity of natural fractures has the potential role for a successful CO2-EOR
project. However, CO2-EOR projects need to be performed earlier to find opened
natural-fractures which help in enhancing CO2 performance in these complex
reservoirs.
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VI. SELECTION CRITERIA FOR MISCIBLE-GASES BASED EOR IN ULR
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ABSTRACT
Unconventional resources have played a significant role in changing oil industry
plans recently. Shale formations in North America such as Bakken, Niobrara, and Eagle
Ford have huge oil in place, 100-900 Billion barrels of oil in Bakken only. However, the
predicted primary recovery is still low as 5-10%. Therefore, seeking for techniques to
enhance oil recovery in these complex plays is inevitable. In this paper, two different
approaches have been integrated to investigate the feasibility of three different miscible
gases which are CO2, lean gases, and rich gases. Firstly, numerical simulation methods
of compositional models have been incorporated with Local Grid Refinement (LGR) of
hydraulic fractures to mimic the performance of these miscible gases in shale-reservoirs
conditions. Implementation of a diffusion model in the LS-LR-DK (logarithmically
spaced, locally refined, and dual permeability) model has been also conducted. Secondly,
different molar-diffusivity rates for miscible gases have been simulated to find the
diffusivity level in the field scale by matching the performance of some EOR pilot-tests
conducted in Bakken formation of North Dakota, Montana, and South Saskatchewan.
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This study proved that diffusion is the dominated flow among other flow regimes
in these types of reservoirs. Therefore, the injected CO2 needs a significant molardiffusivity into formation-oil, so it can penetrate into shale-matrix and enhance oil
production. The effect of diffusion-implementation has been verified with both of single
porosity and dual-permeability model cases. However, some of CO2 Pilot-tests showed a
good match with the simulated cases which have low molar-diffusivity between the
injected CO2 and the formation-oil. Accordingly, the rich and lean gases have shown a
better performance to enhance oil recovery in these tight formations. However, rich gases
need long soaking periods, and lean gases need large volumes to be injected for more
successful results. Furthermore, number of huff-n-puff cycles has a little effect on the
injected-gases performance; however, the soaking period has a significant effect. This
research project demonstrated how to select the best type of miscible gases to enhance oil
recovery in unconventional reservoirs according to the field candidate conditions and
operating parameters.
1. INTRODUCTION
The Energy Information Administration (EIA) reported that US tight oil
production including shale formations will grow to more than 6 million bbl/day in the
upcoming decade, making up most of the total U.S. oil production as shown in Figure 1.
Oil production from tight formations including shale plays has just shared for more than
50% of total oil production in US (Alfarge et al., 2017). Evans and Hoffman (2016)
reported that 4 million barrels per day as increment in US-oil daily production comes
from these unconventional oil reservoirs. From 2011 to 2014, Unconventional Liquid
Rich (ULR) reservoirs contributed to all-natural gas growth and nearly 92% of oil
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production growth in US (Alfarge et al., 2017). Specifically, Bakken and Eagle Ford
contributed for more than 80% of total US oil production which produced from these
tight formations (Yu et al., 2016a). This revolution in oil and gas production happened
mainly because shale oil reservoirs have been just increasingly developed due to the
advancements in horizontal wells and hydraulic fracturing in last decade. Several studies
have been conducted to estimate the recoverable oil in place in these complex formations
indicating large quantities of oil in place. The available information refers to 100-900
Billion barrels in Bakken only. However, the predicted recovery from primary depletion
could lead to 7% only of original oil in place (Clark, 2009). Furthermore, some
investigators argued that the primary recovery factor is still in range of 1-2 % in some of
these plays in North America (Wang et al., 2016). For example, the North Dakota
Council reported that “With today's best technology, it is predicted that 1-2% of the
reserves can be recovered” (Sheng, 2015). The main problem during the development of
unconventional reservoirs is how to sustain the hydrocarbon production rate, which also
leads to low oil recovery factor. The producing wells usually start with high production
rate initially; however, they show steep decline rate in the first 3-5 years until they get
leveled off at very low rate. According to Yu et al., (2014), the main reason beyond the
quick decline in production rate is due to the fast depletion of natural fractures networks
combined with slow recharging from matrix system, which is the major source of
hydrocarbon. Therefore, oil recovery factor from primary depletion has been predicted
typically to be less than 10% (LeFever et al, 2008; Clark, 2009; Alharthy et al., 2015;
Kathel and Mohanty 2013, Wan et al., 2015; Alvarez et al, 2016).
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Figure 1. Shale and tight oil production in North America (U.S. EIA, 2017)

Since these reservoirs have huge original oil in place, any improvement in oil
recovery factor would result in enormous produced oil volumes. Therefore, IOR methods
have huge potential to be the major stirrer in these huge reserves. Although IOR methods
are well understood in conventional reservoirs, they are a new concept in unconventional
ones. All the basic logic-steps for investigating applicability of different IOR methods
such as experimental works, simulation studies, and pilot tests have just started over the
last decade (Alfarge et al., 2017). Miscible-gas injection has shown excellent results in
conventional reservoirs with low permeability and light oils. Extending this approach to
unconventional reservoirs including shale oil reservoirs in North America has been
extensively investigated over the last decade. The gases which have been investigated are
CO2, N2, and natural gases. However, most of the studies focused on CO2 due to different
reasons. CO2 can dissolve in shale oil easily, swells the oil and lowers its viscosity. Also,
CO2 has a lower miscibility pressure with shale oil rather than other gases such as N2 and
CH4 (Zhang et al., 2016). Furthermore, experimental studies reported an excellent oil
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recovery factor could be obtained by injection CO2 in small chips of tight-natural cores as
shown in Figure 2. Unfortunately, the results of pilot-tests for CO2-EOR, huff-n-puff
protocol, which have been conducted in unconventional reservoirs of North America
were disappointing as shown in Figure 3. This gap in CO2 performance in lab-conditions
versus to what happened in field-scale suggests that there is something missing between
the physics of the microscopic-level and macroscopic-level of these plays. Most of the
experimental studies reported that the molecular-diffusion mechanism for CO2 is behind
the increment in oil recovery obtained in lab scale (Alfarge et al., 2017). Furthermore,
most of the previous simulation studies relied on lab-diffusivity level for these miscible
gases to predict the expected oil increment on the field scale (Alfarge et al., 2017). One
of the main reasons for the poor-performance for CO2 in the pilot tests might be due to
the wrong prediction for CO2 diffusion-mechanism in these types of reservoirs. A
detailed study for determining the level of CO2 diffusivity in the real-field conditions
have been conducted in this work. Also, Comparing CO2 performance with lean gas and
rich gas has been investigated to clarify the flow and recovery mechanisms for different
gases in shale-reservoirs.

Figure 2. Oil extracted from natural cores by CO2 (Hawthorne et al., 2017)
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Pilot test#1

Pilot test#2

Figure 3. CO2 pilot tests in Bakken (Hoffman and Evans, 2016)

2. MOLECULAR DIFFUSION
Gravity drainage, physical diffusion, viscous flow, and capillary forces are the
common forces which control the fluids flow in porous media. However, one force might
eliminate the contributions of others depending on the reservoir properties and operating
conditions. Molecular diffusion is defined as the movement of molecules caused by
Brownian motion or composition gradient in a mixture of fluids (Mohebbinia et al.,
2017). This type of flow would be the most dominated flow in fractured reservoirs with
low-permeability matrix when gravitational drainage is inefficient (Moorgate and
Firoozabadi, 2013; Mohebbinia et al., 2017).

The role of molecular-diffusion flow

increases as far as the formation permeability decreases. It has been noticed and approved
that gas injection is the most common EOR-process affected by calculations of
molecular-diffusion considerations. Ignoring or specifying incorrect diffusion-rate during
simulation process can lead to overestimate or underestimate the oil recovery caused by
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the injected gas. This happens not only due to the variance in miscibility-process between
the injected-gas and formation-oil but also due to the path change of the injected-gas
species from fractures to the formation-matrix.
The Péclet number (Pe) is a class of dimensionless numbers which have been
used to measure the relative importance of molecular diffusion flow to the convection
flow. This number can be calculated as shown in Eq. 1. If Pe number is less than 1,
diffusion is the dominant flow. However, if Pe is greater than 50, convection is the
dominant flow. The dispersion flow is dominant when Pe is in range of 1 to 50 (Hoteit
and Firoozabadi, 2009). Figure 4 explains the flow regimes according to Péclet number
cutoffs.
Pe =

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
= (𝐿𝐿2/𝐷𝐷)/(𝐿𝐿/𝑣𝑣) = 𝐿𝐿𝐿𝐿/𝐷𝐷
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(3)

Where v is the bulk velocity, L is a characteristic length, and D is the diffusion
coefficient.

Figure 4. Flow regimes according to Péclet number cutoffs

3. CO2 MOLECULAR-DIFFUSION MECHANISM
Different mechanisms have been proposed for the injected CO2 to improve oil
recovery in unconventional reservoirs as shown in Table 1. However, since the matrix
permeability in these unconventional reservoirs is in range (0.1 –0.00001 md), CO2
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would not be transported by convection flux from fracture to matrix (Yu et al., 2014).
The main transportation method for CO2 is by the difference in concentration gradient
between CO2 concentration in injected gases and the target-oil. This process of
transportation is subjected to Fick’s law. Hawthorne et al., (2013) extensively
investigated the CO2 diffusion-mechanism in Bakken cores and proposed five
conceptual-steps to explain it. These conceptual steps include: (1) CO2 flows into and
through the fractures, (2) unfractured rock matrix is exposed to CO2 at fracture
surfaces,

(3) CO2

permeates

the rock

driven by pressure,

carrying some

hydrocarbon inward; however, the oil is also swelling and extruding some oil out of the
pores, (4) oil migrates to the bulk CO2 in the fractures via swelling and reduced
viscosity, and (5) as the CO2 pressure gradient gets smaller, oil production is
slowly driven by concentration-gradient diffusion from pores into the bulk CO2 in the
fractures.
Table 1. The proposed CO2 EOR mechanisms for improving oil recovery in ULR
CO2 mechanism
1-Diffusion
2-Reduction in Capillary forces
3-Repressurization
4-Extraction
5-Oil swelling and pressure maintenance
6-Oil Viscosity reduction
7-Combination of more than one mechanism from above

Approach tool
Lab
Lab and simulation
Lab
Lab
Lab and simulation
Lab and simulation
-

Most of the previous experimental studies reported that CO2 diffusion mechanism
is beyond the increment in oil recovery obtained in lab conditions. Then, the observed
increment in oil-recovery and/or the CO2 diffusion-rate obtained in lab conditions were
upscaled directly to field scale by using numerical simulation methods. Although
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modelling of the diffusion effect on ultimate oil recovery in shale reservoirs is very
important to develop these marginal shale-oil projects, evaluation of the recovery
contribution from diffusion will help in understanding the recovery mechanisms (Wan
and Sheng, 2015). We think that this direct upscaling methodology is so optimistic due to
that the lab-cores have higher contact area and longer exposure time to CO2 than what
might happen in the real-conditions of unconventional reservoirs. As a result, both of
previous simulation studies and experimental works might be too optimistic to predict a
quick improvement in oil recovery by injecting CO2 in these tight formations. And, this
explains why the previous simulation studies have a clear gap with CO2 pilot-tests
performance.
4. NUMERICAL SIMULATION
Majority of the previous diffusion models were developed on the basis of the
single-porosity model which requires a tremendous grid refinement to represent an
intensely fractured shale-oil reservoir (Wan and Sheng, 2015). In this simulation study,
the LS-LR-DK (logarithmically spaced, locally refined, and dual permeability) model
was used. It has been reported that the LS-LR-DK method can accurately capture the
physics of the fluids flow in fractured tight reservoirs. Also, an advanced general
equation-of-state compositional simulator have been used to build equation-of-state
model for Bakken-oil. Then, both models have been combined to simulate compositional
effects of reservoir fluid during primary and enhanced oil recovery processes.
Furthermore, implementation of a diffusion model in the LS-LR-DK (logarithmically
spaced, locally refined, and dual permeability) model has been conducted. Moreover, the
counter-current mechanism of molecular diffusion for CO2-EOR, which have been
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reported by the experimental work for Hawthorne et al., (2013), was simulated in this
work. In this study, we tried to build a numerical model which has the typical fluid and
rock properties of Bakken formation, one of the most productive unconventional
formations in US. In this model, we injected three different EOR-miscible gases
including CO2, lean gas, and rich gas in separated scenarios as Huff-n-Puff protocol
through hydraulically fractured well. All the mechanisms which were proposed in Table
1 have been also incorporated in this model. In this field case study, the production well
was stimulated with 5 hydraulic fractures. The spacing between the hydraulic fractures is
200 ft. The simulation model includes two regions which are stimulated reservoir volume
(SRV) and un-stimulated reservoir volume (USRV) as shown in Figure 5. The
dimensions of the reservoir model are 2000 ft x 2000ft x42 ft, which corresponds to
length, width, and thickness respectively. The dimensions of the hydraulically-fractured
region are 5 fractures with half-length of 350 ft in J direction, width of 0.001 ft in I
direction, and fracture height of 42 ft in K direction. Fracture conductivity is 15 md.ft.
The other model-input parameters are shown in Table 2.

a. Average pressure
Figure 5. a. Average pressure b. A closed view for SRV
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b. A closed view for SRV
Figure 5. a. Average pressure b. A closed view for SRV (con’t)

Table 2. Model input parameters for the base case
Parameter

value

The model dimensions

2000x2000x42

Production Time

20

Top of Reservoir

8000

Reservoir Temperature

240

Reservoir pressure

7500

Initial Water saturation

Unit
ft
year
ft
o

F

psi

0.3

value
-6

psi-1

Total compressibility

1x10

Matrix permeability

0.005

mD

Matrix porosity

0.085

value

Horizontal Well length

1000

ft

Total number of fractures

5

value

Fracture conductivity

15

Fracture half-length

250

ft

Fracture Height

42

ft

mD-ft
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5. COMPOSITIONAL MODEL
The typical Bakken oil has been simulated in this study. The oil used in this model
has 42 APIo, 725 SCF/STB, and 1850 psi as oil gravity, gas oil ratio, and bubble point
pressure respectively. It is known that compositional models are the most time-consumed
models due to number of components in a typical reservoir oil. In our model, we have 34
components so that would take long time for the simulator to complete running one
scenario. The common practice in numerical simulation for such situation is the careful
lump of reservoir oil components into a short representative list of pseudo components.
These pseudo components would be acceptable if they match the laboratory–measured
phase behavior data. The supplied-data for reservoir-oil needs to have a description of
associated single carbon numbers and their fractions, saturation pressure test results,
separator results, constant-composition expansion-test results, differential liberation test
results, and swelling test results. All the available data can be used for tuning the EOS to
match the actual fluid behavior.
In our simulation study, we lumped the original 34 components into 7 pseudo
components as shown in Table 3 by using WinProp-CMG. WinProp is an Equation‐of‐
State (EOS)‐based fluid behavior and PVT modelling package. In WinProp, laboratory
data for fluids can be imported and an EOS can be tuned to match its physical behavior.
Fluid interactions can then be predicted, and a fluid model can be created. Table 4
presents the Peng-Robinson EOS fluid description and binary interaction coefficients of
the Bakken crude oil with different gases. Figure 6 represents the two-phase envelope for
Bakken oil which was generated by WinProp-CMG.
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Table 3. Compositional data for the Peng-Robinson EOS in the model oil
Component

CO2
N2-CH4
C2H-NC4
IC5-CO7
CO8-C12
C13-C19
C20-C30

Mole fraction

0
0.2704
0.2563
0.127
0.2215
0.074
0.0508

Critical pressure
(atm)

Critical Temp.
(K)

7.28E+01
4.52E+01
4.35E+01
3.77E+01
3.10E+01
1.93E+01
1.54E+01

3.04E+02
1.90E+02
4.12E+02
5.57E+02
6.68E+02
6.74E+02
7.92E+02

Acentric Factor

0.225
0.0084
0.1481
0.2486
0.3279
0.5672
0.9422

Molar Weight
(g/gmole)

4.40E+01
1.62E+01
4.48E+01
8.35E+01
1.21E+02
2.20E+02
3.22E+02

Table 4. Binary interaction coefficients for Bakken oil
Component
CO2
N2-CH4
C2H-NC4
IC5-CO7
CO8-C12
C13-C19
C20-C30

CO2
1.01E-01
1.32E-01
1.42E-01
1.50E-01
1.50E-01
1.50E-01

N2-CH4

1.30E-02
3.58E-02
5.61E-02
9.76E-02
1.45E-01

C2H-NC4

5.90E-03
1.60E-02
4.24E-02
7.79E-02

IC5-CO7

CO8-C12

C13-C19

2.50E-03
1.72E-02
4.27E-02

6.70E-03
2.51E-02

6.00E-03

Figure 6. The two-phase envelope for Bakken oil
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6. RESULTS AND DISCUSSION
6.1 NATURAL DEPLETION
The reservoir model was initially run in natural depletion for 7300 days (20
years). The production well, which was hydraulically fractured, was subjected to the
minimum bottom-hole pressure of 1500 psi. The simulated Bakken well performance in
natural depletion is shown in Figure 7. In the natural depletion scenario, it has been clear
that the production well started with high production rate initially. Then, it showed steep
decline rate until it got leveled off at low rate. This is the typical trend to what is
happening in the most, if not all, unconventional reservoirs of North America. If we
investigate the pressure distribution in the reservoir model as shown in Figure 5, we
found that the main reason to that fast reduction in production rate is due to the pressure
depletion in the areas which are closed to the production well. However, the reservoir
pressure is still high in the areas which are far away from the production well. This
explains the poor feeding from neighboring areas in these types of reservoirs due to the
tight formation matrix.
6.2 FLOW-TYPE DETERMINATION
We calculated the Péclet number locally in each grid. In the formation-matrix
areas, the results indicated that Péclet number is way below 1 for both of gas phase and
oil phase which means that the diffusion flow is the most dominant flow in the formation
matrix as shown in Figure 8. However, in the hydraulic fractures parts, the viscous flow
is clearly dominated where Pe is way above 100. In the natural fractures areas, the results
indicated that Péclet number is significantly changeable where it is way below 1 in the
areas which are far away from hydraulic fractures; however, it is way above 100 in the
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areas which are closed to hydraulic fractures as shown in Figure 9. According to the
average value of Péclet number in the natural fractures areas, the dispersion flow could
be the most dominant flow.

Figure 7. The reservoir performance in natural depletion conditions

A-Gas Phase

B-Oil Phase

Figure 8. Péclet number distribution a long cross section in the matrix-model
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A-Gas Phase

B-Oil Phase

Figure 9. Péclet number distribution in the natural fracture-model

6.3 EOR STAGE FOR BAKKEN MODEL
In

EOR stage, we injected CO2, lean Gas, and rich gas in a Bakken production

well as a Huff-n-Puff protocol in each case of the 8 cases listed in Table 5. Moleculardiffusion mechanism has been switched on in some scenarios and switched off in others
to investigate its effect for improving oil recovery in the simulated cases. The EOR stage
started after 10 years of natural depletion. Lean gas contains 90% of C1 and 10% of C2+
while rich gas contains 65% of C1 and 35% of C2+.
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Table 5. The agenda and time breakdown for all simulated cases
Case Number

no. of Cycles/10yrs

Injected volumes/cycle

Soaking Period

Diffusion Mechanism

Case#1

10

small (500Mscf/day for 2 months)

1 month

ON

Case#2

10

small (500Mscf/day for 2 months)

1 month

OFF

Case#3

2

small (500Mscf/day for 6 months)

3 month

ON

Case#4

2

small (500Mscf/day for 6 months)

3 month

OFF

Case#5

2

Large (1500Mscf/day for 6 months)

3 month

OFF

Case#6

10

Large (1500Mscf/day for 2 months)

1 month

OFF

Case#7

2

Large (1500Mscf/day for 6 months)

3 month

ON

Case#8

10

Large (1500Mscf/day for 2 months)

1 month

ON

The results indicated that as far as the molar-diffusion mechanism is switched on,
CO2 performance exceeds the performance for both of lean gas and rich gas as shown in
Figure 10. For example, in Case#1, we notice that the performance of miscible gases
from the best to the worst as CO2, lean gas, and rich gas respectively. This happens due to
the difference in the concentration gradient between the injected fluid and the formationfluid according to Eq. 2. The concentration gradient is so significant for CO2; however, it
is low for both of lean gas and rich gas. This is particularly true for shale oil because
composition of shale oil usually contains high concentrations of light components (i.e. C1
and C2). If we compare Case#1 and Case#3, we found that lean gas performance exceeds
rich gas’s in case#1 while the reversed scenario happens in case#3 as shown in Figure 10.
This happens due to the difference in both of molecular-weight and concentrationgradient between lean gas and rich gas. It is known that rich gas has a higher molecular
weight than that for lean gas, so it needs longer soaking-period to invade the formation-
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oil. These results are very well consistent with the results which have been reported by
Hoteit and Firoozabadi (2009). In their model, which have been applied in conventional
fractured reservoirs, they observed that methane would perform better than CO2 in the
cases which have not considered the molecular-diffusion mechanism. However, the
injected CO2 would result in a higher increment for oil recovery in the cases which have
considered the molecular-diffusion mechanism.

Rate of Diffusion =

𝐶𝐶𝐶𝐶 ∗ (𝐶𝐶1 − 𝐶𝐶2) ∗ 𝐴𝐴𝐴𝐴
𝑡𝑡𝑡𝑡

(4)

Where: CD is the molecular diffusion rate (0.0008-0.0004 cm2/s was specified in
this model), (C1-C2) is the component concentration difference between the injected
fluid and the target fluid, Ac is the contact area between the injected fluid and the target
fluid, and tc is the separation distance between the injected fluid and the target fluid.

A-Case#1

B-Case#3

Figure 10. Miscible-gases performance (Molar-diffusion mechanism is ON)
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When the molar diffusion mechanism is switched off, CO2 performance is the
worst as compare with lean gas and rich gas. This happens mainly due to the large
molecules for CO2 as compared with lean gas and rich gas. CO2 would not penetrate into
matrix far away from hydraulic fractures if the molecular-diffusion rate is low according
to Eq. 2 and as shown in Figure 12. However, the lean gas and rich gas penetrate deeper
into matrix as compared to what happens in CO2 injection. This happens in all of Case#2,
Case#4, Case#5, and Case#6. In the cases which have molecular-diffusion mechanism
switched off, lean and rich gas are alternatively in the lead for the best-performance
gases. We noticed that rich gas is very strong function of soaking period where rich gas is
in the lead for both of Case#4 and case#5 as shown in Figure 11. However, we noticed
that lean gas is very strong function of injected volume where lean gas is in the lead as
shown in Case#6.
This happens mainly in these shale reservoirs due to two main reasons. The first
reason is that shale oil is well known to have a high content of light components so that
would be more beneficial to the rich gas performance for improving oil recovery as
compared to the lean gas performance.
The second reason is that rich gas has a larger molecular-weight as compared to
the lean gas which enhance lean gas performance over rich gas performance. We think
these two reasons are causing that the rich gas is strong function of soaking period while
lean gas is strong function of injected volumes. The performance ranking for the three
different gases is shown in Table 6. Also, the performance functionality for each type of
gas is shown in Figure 13.
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A-Case#4

Case#5

Figure 11. Miscible-gases performance (Molar-diffusion mechanism is OFF)

A-Lean Gas

B-CO2

Figure 12. Gas saturation in matrix Vs fracture (Molar-diffusion is OFF)
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Table 6. The performance ranking for the three different gases
Case Number

Performance Ranking

Case#1

(1) CO2
(2) Lean Gases
(3) Rich Gases
No difference in performance

Case#2
Case#3

Case#4

Case#5

Case#6

Case#7

Case#8

(1) CO2
(2) Rich Gases
(3) Lean Gases
(1) Rich Gases
(2) Lean Gases
(3) CO2
(1) Rich Gases
(2) Lean Gases
(3) CO2
(1) Lean Gases
(2) CO2
(3) Rich Gases
(1) Rich Gases
(2) CO2
(3) Lean Gases
(1) CO2
(2) Lean
(3) Rich Gases

Figure 13. Applicability of miscible-gases EOR in Bakken Model
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6.4 MOLAR-DIFFUSIVITY LEVEL IN THE REAL CONDITIONS
Hoffman and Evans (2016) reported seven pilot-tests in Bakken formation
conducted in North Dakota and Montana. We are presenting here just one pilot of them in
this section. This pilot was mentioned in his paper as pilot test#2. This pilot-test injected
CO2 as Huff-n-Puff process in Bakken formation, in Montana portion. They injected
1500-2000 Mscf/day of CO2 for 45 days at an injection pressure of 2000-3000 psi. The
soaking period was proposed to be 2 weeks. Then, the well was put back in the
production process. In the puff process, the oil rate had increased slightly above the value
which was observed before CO2 injection, but this increment in oil production rate does
not reimburse the oil-production lost during the injection and soaking times as shown in
Figure 14.
We used the typical fluid and rock properties of Bakken to build a model for that
well. Different scenarios have been run until the best match obtained between the well
model and the pilot test as shown in Figure 14. Everything was identical between the
model results and pilot-test results which are shown in Figure 14. However, there is only
a one difference. This difference is that the oil production came quickly after the soaking
period in the pilot test; however, it takes longer time in the model case. We believe this is
happening due to the reported conformance problems in these pilots where CO2 produced
in the offset wells. Furthermore, we believe that the conformance problems happened in
those pilots are due to injection induced fractures (Alfarge et al., 2017). Therefore, the
produced-back CO2 volumes in the producer were small resulted in less hold up effect on
the produced oil. However, we have not induced injection fractures in our model.
Therefore, CO2 in large volumes produced back during the puff process of our model.
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Among different scenario we investigated, we found that this match can be
obtained in a dual permeability model with a low CO2-molecualr diffusivity. This
happens due to that either of diffusion rate for CO2 in reservoir conditions is too low or
kinetics of oil recovery process in the production areas exceed the CO2 diffusivity. The
first possibility which is the low-diffusivity for CO2 in shale reservoirs conditions can be
explained by two ways: (1) The contact area between the injected CO2 and formation-oil
is small (2) The exposure time between the injected CO2 and the formation-oil is short.
The contact area between CO2 and formation oil is mainly function of natural-fractures
intensity in shale oil reservoirs. Although it has been reported these types of reservoirs
have a high intensity of natural fractures, the dual permeability model can match the
conducted pilot test results even with a low intensity of natural fractures. This indicated
that either of these natural fractures are not active or they are not connected in good
pathways with hydraulic fractures.
Closing Remarks. Most of the experimental studies reported that CO2 diffusion
mechanism is behind the increment in oil recovery obtained in lab conditions. This
increment in oil recovery and/or the diffusion rate observed in lab conditions were
upscaled directly by most of the previous researchers to the field scale by using numerical
simulation methods. This direct upscaling methodology is so optimistic due to the fact
that the lab-cores have higher contact area and longer exposure time to CO2 than what
happened in the real reservoirs conditions. Therefore, both of simulation studies and
experimental works were optimistic to predict a quick improvement in oil recovery by
injecting CO2 in these unconventional reservoirs. This might explain why the results from
pilot tests which were using CO2 as injectant are disappointing and the results from the
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pilot tests which were using natural gases are encouraging (Alfarge et al., 2017). To sum
up, diffusion mechanism for CO2 in pilot tests had not been well recognized, which in
turn, CO2 did not enhance oil production rate in those wells. The reason behind the lowdiffusion rate for CO2 in pilot tests is due to either of kinetics of oil recovery process in
productive areas of these reservoirs are too fast or CO2 diffusion rate in field conditions is
too slow (Alfarge et al., 2017). To sum up, the success of CO2 in shale reservoirs is
mainly depending on understanding its main mechanisms which are totally different from
its mechanisms in conventional reservoirs. Although most of unconventional IOR studies
investigated applicability of CO2, they did not properly investigate its principle
mechanism in the field scale.

(A)CO2 Pilot test#2 (Hoffman and Evans, 2016)

(B) History match from the simulated model

Figure 14. The pilot test performance versus the simulation match

238
7. CONCLUSIONS
•

Péclet number calculations reports a significant flow-type heterogeneity in
shale-reservoirs. However, diffusion flow is the most dominant.

•

CO2 needs a good molar-diffusivity into formation-oil, so it can enhance oil
production in these shale reservoirs.

•

Some of CO2 Pilot tests showed a good match with the simulated cases which
have a low-diffusivity between formation-oil and the injected-CO2.

•

If the well or field conditions predict a low molar-diffusivity for the injected
gases, the rich and lean gases would have a better feasibility than CO2.
However, rich gases need long soaking periods and lean gases need large
volumes to be injected for more successful results.

•

Generally, number of cycles has no effect on the injected gases performance.
However, the soaking period has a significant effect.

•

The time of performing CO2 injection is important. The earlier CO2-EOR is
the better enhancement in oil recovery.
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ABSTRACT
Shale reservoirs such as Bakken, Niobrara, and Eagle Ford have become the main
target for oil and gas investors as conventional formations started to deplete and diminish
in number. These reservoirs have a huge oil potential; however, the predicted primary oil
recovery is still low as average of 7.5 %. Carbon dioxide (CO2) flooding has been a
controversial approach to increase oil recovery in these poor-quality formations. This
study investigated the effect of injector-producer spacing, in range of 925-1664 ft, on
CO2 performance in these plays by using numerical simulation methods. CO2 utilization
value under different injector-producer spaces was calculated. Increments in oil
production rate, cumulative oil, and oil recovery factor were determined in 1, 5, 10 years
of CO2 flooding start-point. In this study, unfractured horizontal injectors are modeled to
avoid conformance problems reported in natural fractured unconventional formations.
Furthermore, the physical behavior for CO2 flooding under different conditions was
discussed. Finally, simulation results were analyzed and compared with the performance
of some pilot tests which were conducted in North Dakota and Southeast Saskatchewan.
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The results indicated that the performance of CO2 flooding would be more
pronounced, by increasing oil production rate and oil recovery factor, as the injectorproducer spacing minimized. However, CO2 utilization value is significantly high when
the injector-producer spacing is very short due to the depleted volume closeness.
Interestingly, CO2 utilization value for all spacing scenarios would gradually be reduced
with flooding time. This reduction in the injected-gas utilization-value has been matched
with the pilot test performed in Southeast Saskatchewan. In addition, the CO2 efficiency
indicator was found to be in range of 4.85-44.5 Mscf/STB in these unconventional
reservoirs which is relatively high as compared with that for conventional reservoirs.
These results have been confirmed by a good match obtained between simulation results
and some of pilots’ performance. This paper provides a thorough idea about how to
optimize the injector-producer spacing for CO2 flooding in these complex plays. Also,
this work explains that CO2 efficiency indicator is different in these unconventional
formations as in conventional reservoirs.
1. INTRODUCTION
According to the recent reports, oil production from tight formations including
shale plays has shared for more than 50% of total oil production in US (Yu et al., 2016a).
Hoffman and Evans, (2016) reported that up to 4 million barrels per day as an increment
in US oil daily production comes from unconventional oil reservoirs. From 2011 to 2014,
Unconventional Liquids Rich (ULR) reservoirs contributed to all-natural gas growth and
nearly 92% of oil production growth in US (Yu et al., 2016a). Specifically, Bakken and
Eagle Ford contributed for more than 80% of oil production which produced from these
tight formations in US (Yu et al., 2016a). More recently, Bakken formation alone delivers
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close to 10% of the total US production with more than 1.1 million barrels per day
(Alvarez et al, 2016). This revolution in oil and gas production happened mainly because
shale oil reservoirs have been increasingly developed due to advancements in horizontal
wells and hydraulic fracturing in last decade. The available information refers to 900
Billion barrels as original oil in place in Bakken only. However, the predicted recovery
from primary depletion could only lead to 7% of original oil in place (Clark, 2009).
Furthermore, some investigators argued that the primary recovery factor is still in range
of 1-2 % in some of the plays in North America (Wang et al., 2016). For example, the
North Dakota Council reported that “With today's best technology, it is predicted that 12% of the reserves can be recovered” (Sheng, 2015). The production sustainability has
been a key problem in unconventional reservoirs. The producing wells usually start with
a high production rate initially (e.g., 300 bbl/day), and show steep decline rate during the
first few years until they get leveled off at low rate (e.g., 30 bbl/day). According to Yu et
al. (2014), the main reason behind the quick decline in the production rate is due to the
fast hydrocarbon depletion in natural fracture network which is slowly recharged from
rock matrix (the storage). Therefore, oil recovery factor from primary depletion has been
predicted typically to be less than 10% (LeFever et al, 2008; Clark, 2009; Alharthy et al.,
2015; Kathel and Mohanty 2013, Wan et al., 2015; Alvarez et al, 2016). It is urgent to
discovery factors that influence the performance of unconventional resources, and
identify opportunities to improve final hydrocarbon recovery factor. Infill drilling is the
current practice to develop these unconventional reservoirs and to get short-term
increment in oil production; however, this high oil rate from new wells would not last for
a long time either. In addition, drilling new horizontal wells with a long lateral length is
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expensive. Therefore, infill drilling might not be the economic practice in these types of
reservoirs. Seeking for different options is mandatory. It is known that the main drive
mechanism in most of shale reservoirs is the depletion drive. This drive mechanism could
recover up to 8-12% of OOIP which is the main motivation to apply one of the IOR
methods in these reservoirs (Kurtoglu et al., 2014). Since these reservoirs have a huge
original oil in place, any improvement in oil recovery factor would result in enormous
produced oil volumes. Therefore, IOR methods have huge potential to be the major
player in these huge reserves. Although IOR methods are well understood in
conventional reservoirs, they are a new concept in unconventional ones. All basic logic
steps of the academic research such experimental works, simulation studies, and pilot
tests for investigating the applicability of different IOR methods have just started over the
last decade.
Miscible gas injection has shown excellent results in conventional reservoirs with
low permeability and light oils. Extending this approach to unconventional reservoirs
including shale oil reservoirs in North America has been extensively investigated over the
last decade. The gases which have been investigated are CO2, N2, and an enrich natural
gases. However, the majority of studies focused on CO2 due to different reasons. CO2 can
dissolve in shale oil easily, swell the oil and lower its viscosity. CO2 has a lower
miscibility pressure with shale oil rather than other gases such as N2 and CH4 (Zhang et
al., 2016). However, the minimum miscible pressure of CO2 in these types of oil has a
controversial range in between 2500 psi to 3300 psi. Furthermore, it has been reported
that the oil of these reservoirs has a low acid number which might give the hope to apply
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CO2 injection successfully without asphaltenes precipitation problems (Kurtoglu et al.,
2014).
Study of Song et al. (2013) might be one of the earliest studies which started
conducting experimental work to compare results from injecting CO2 and water in cores
from Bakken-Canada. They found that water flooding would enhance oil recovery better
than immiscible CO2 in Huff-n-Puff protocol. However, miscible and near miscible CO2
Huff-n-Puff would exceed the water performance in enhancing oil recovery. Hawthorne
et al., (2013) investigated the mechanism behind increasing oil recovery by CO2 injection
in Bakken cores. They proved that diffusion mechanism is the main mechanism for CO2
to increase oil recovery in these complex plays. However, to extract oil from shale matrix
by CO2, long times of exposure combined with large contact areas are required. Gamadi
et al. (2014) conducted experimental work on shale cores from Mancos and Eagle Ford to
investigate the potential of CO2 injection in these reservoirs. Their laboratory results
indicated that the cyclic CO2 injection could improve oil recovery from shale oil cores in
a range of 33% to 85% depending on the shale core type and other operating parameters.
Alharthy et al., (2015) compared the performance of injecting different types of gases
such CO2, C1-C2 mixtures, and N2 on enhancing oil recovery in Bakken cores
experimentally. They concluded that injecting gas, composed of C1, C2, C3, and C4, could
produce nearly as much oil as CO2 injection could produce which was 90% in several
Middle Bakken cores and nearly 40% in Lower Bakken cores. Also, they found the
counter-current mechanism is the main mechanism for these gases to recover oil from
shale cores. Finally, Yu et al., (2016) investigated N2 flooding process experimentally in
Eagle Ford core plugs saturated with a dead oil. They examined the effect of different
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flooding time range and different injection pressure on N2 flooding performance. They
found that more oil was produced with a longer flooding time and higher injection
pressure. To sum up, CO2 showed a strong potential to extract oil from shale cores in
experimental works (Jin et al., 2016).
Studies of Shuaib et al. (2009) and Wang et al. (2010) might be considered the
early-published studies in this category which used simulation methods to investigate the
applicability of gas injection in unconventional reservoirs. These models showed that 1020% of incremental oil could be recovered by continuous gas flooding while 5-10%
could be recovered by huff-n-puff gas protocol (Hoffman and Evans, 2016). Dong et al.,
(2013) reported a numerical study evaluating CO2 injection performance for a Bakken
interval in a sector of Sanish Field. They came up with a scenario to increase CO2
injectivity in that field by drilling more horizontal injection wells. Their scenario
predicted the possibility to inject 5000 Mscf/day at a maximum injection pressure of
8000 psi. In their simulation study, they found that using CO2 injection method might
increase oil recovery from 5% to 24% in that field. Xu et al., (2013) evaluated the
reservoir performance of Elm Coulee field in Eastern Montana under CO2 flooding with
different hydraulic fracture orientations. They found that transverse fractures have higher
oil recovery factor, but they have lower CO2 Utilization Value (UV) than longitudinal
fractures due to breakthrough problems. CO2 Utilization Value (UV) or Efficiency
Indicator (EI) is defined as the ratio of CO2 volume injected in (MSCF) to the oil volume
produced in (bbl). Zhu et al., (2015) constructed a model in which gas could be injected
into a hydraulic fracture along a horizontal well and the production process could occur
in an adjacent fracture which has an intersection with the same well. They found a
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substantial improvement in oil recovery by injecting CO2 in reservoirs which have fluids
flow from fracture to fracture. Pu et al., (2016) introduced a new model which considers
capillarity and adsorption effect of the small pores for shale reservoirs. They found that
using this model would simulate CO2 EOR in unconventional reservoirs properly.
Furthermore, capillarity consideration in the modeling process would predict a higher oil
recovery by CO2 injection than the cases which did not include the capillarity property.
It is clear from above that CO2 would have a great potential to enhance oil
recovery in these poor-quality reservoirs. However, whether using CO2 in Huff-n-Puff
protocol or injecting CO2 in flooding scenario is still controversial. Unfortunately, the
results of pilot tests of CO2 in the cyclic process were disappointing (Hoffman and Evans,
2016). Furthermore, the results of pilot tests for CO2 and natural gas flooding indicated a
varied performance in North Dakota and Montana versus to what happened in south
Saskatchewan pilot tests. One of the main differences in the pilots’ design for the pilot
tests which were conducted in Canadian Bakken versus US Bakken is the spacing
between injectors and producers. The spacing between injectors and producers in Canada
is much shorter than the spacing in US. In this study, we conducted a numerical
simulation study to investigate the effect of injectors-producers spacing on CO2
performance in unconventional reservoirs. Then, the results of the pilot tests have been
compared with the simulation predictions.
2. NUMERICAL SIMULATION
Numerical simulation methods have been used to investigate different IOR
methods from the perspectives of mechanism study and operational/performance
optimization. In this simulation study, numerical simulation methods of compositional
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models have been incorporated with Local Grid Refinement (LGR) of hydraulic fractures
conditions to mimic CO2 performance in these poor-quality reservoirs by using CMGGEM simulator. GEM is CMG's advanced general equation-of-state compositional
simulator which has the ability to represent equation-of-state, dual porosity, CO2,
miscible gases, volatile oil, horizontal wells, well management, and complex phase
behavior at the same time of simulation (CMG, 2016). Basically, GEM could be used to
simulate compositional effects of reservoir fluids during primary and enhanced oil
recovery processes. We tried to build a numerical model to mimic the typical fluids and
rock properties of Bakken formation which is one of the most productive unconventional
formations in US. In this model, we used two horizontal un-fractured injectors for CO2
and one producer which is hydraulically fractured as shown in Figure 1. The following
mechanisms which were proposed for CO2 to improve oil recovery in unconventional
reservoir were simulated: (1) Oil swelling, (2) Oil viscosity reduction, (3)
Repressurization, (4) Pressure maintenance, (5) Reduction in Capillary forces.

a. Average pressure in a depleted well
Figure 1. a. Average pressure in a depleted well b. A closed view for SRV
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b. A closed view for SRV
Figure 1. a. Average pressure in a depleted well b. A closed view for SRV (con’t)

3. NUMERICAL SIMULATION MODEL
A compositional Cartesian model was used to simulate the typical hydraulically
fractured shale reservoir as shown in Figure 1. In this field case study, the production
well was stimulated with 40 hydraulic fractures. The spacing between the hydraulic
fractures is 100 ft. The simulation model includes two regions which are stimulated
reservoir volume (SRV) and un-stimulated reservoir volume (USRV). The dimensions of
the reservoir model are 4200 ft x 4200 ft x160 ft, which corresponds to length, width, and
thickness respectively. The dimensions of the fractured region are 40 fractures with a
half-length of 250 ft in J direction, width of 0.0083 ft in I direction, and fracture height of
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160 ft in K direction. Fracture conductivity is 125 md.ft. The other model input
parameters are shown in Table 1.

Table 1. Model input parameters for the base case
Parameter

value

The model dimensions

4200x4200x160

Unit
ft

Production Time

20

year

Reservoir Temperature

240

o

Initial Water saturation

0.2

value

Total compressibility

5x10-6

psi-1

Matrix permeability

0.05

mD

Matrix porosity

0.05

value

Horizontal Well length

3400

Total number of fractures

40

Fracture conductivity

125

mD-ft

Fracture half-length

250

ft

Fracture Height

160

ft

F

ft
value

4. COMPOSITIONAL MODEL FOR THE FORMATION FLUIDS
It is known that compositional models are the most time-consumed models due to
the number of components in a typical reservoir oil. In our model, we have 34
components so that would take a long time for the simulator to complete run one
scenario. The common practice in numerical simulation for this situation is the careful
lump of reservoir oil components into a short representative list of pseudo components.
These pseudo components could be acceptable if they are matched with the laboratory –
measured phase behavior data. The supplied data for reservoir oil needs to have a
description of associated single carbon numbers and their fractions, saturation pressure
test results, separator results, constant composition expansion test results, differential
liberation test results, and swelling test results (CMG, 2016). All of these data can be
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used for tuning the EOS to match the fluid behavior. In our simulation, we lumped the
original 34 components as shown in Table 2 into 7 pseudo components as shown in Table
3 by using WinProp-CMG. WinProp is an Equation‐of‐State (EOS) based fluid behavior
and PVT modelling package. In WinProp laboratory data for fluids can be imported and
an EOS can be tuned to match their physical behavior. Fluid interactions can be
predicted, and a fluid model can then be created for use in CMG software (CMG, 2016).
Table 4 presents the Peng-Robinson EOS fluid description and binary interaction
coefficients of the crude oil with the injected non-hydrocarbon CO2.

Table 2. The original mole fraction of dead oil composition
Comp.

mole frac.

Comp.

mole frac.

Comp.

mole frac.

Comp.

mole frac. Comp.

mole frac.

Comp.

mole frac.

CO2

0.00451

n-C4

0.04755

C9

0.0784

C15

0.0134

C21

0.00396

C27

0.001981

N2

0.00039

i-C5

0.03282

C10

0.0515

C16

0.0106

C22

0.00322

C28

0.002105

C1

0.01603

n-C5

0.03703

C11

0.0313

C17

0.009

C23

0.00235

C29

0.002105

C2

0.01563

C6

0.06514

C12

0.0213

C18

0.0097

C24

0.00198

C30+

0.064516

C3

0.02472

C7

0.0842

C13

0.0193

C19

0.0082

C25

0.00186

i-C4

0.01115

C8

0.09894

C14

0.0145

C20

0.0053

C26

0.00186

Table 3. Compositional data for the Peng-Robinson EOS in the model oil
Component

Mole fraction

Critical pressure

Crtitical Temp.

Acentric Factor

Molar Weight

(atm)

(K)

0.01183

5.82E+01

2.81E+02

0.225

4.40E+01

N2-CH4

0.11702

4.23E+01

1.74E+02

0.00844021

1.62E+01

C2H-NC4

0.194538

4.23E+01

3.28E+02

0.148085

4.48E+01

IC5-CO7

0.220012

3.11E+01

5.58E+02

0.249001

8.35E+01

CO8-C12

0.25543

2.35E+01

6.69E+02

0.333991

1.22E+02

C13-C19

0.094875

1.56E+01

7.86E+02

0.571941

2.12E+02

C20-C30

0.106294

1.16E+01

7.86E+02

0.98946

5.17E+02

CO2

(g/gmole)
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Table 4. Binary interaction coefficients for the injected CO2 and each component
Hydrocarbon Component

The Injected Non- Hydrocarbon CO2

CO2

0

N2toCH4

1.04E-01

C2HtoNC4

1.24E-01

IC5toC07

1.29E-01

C08toC12

1.50E-01

C13toC19

5.14E-02

C20toC30

0.00E+00

5. RESULTS AND DISCUSSION
The reservoir model was initially run in the natural depletion for 7300 days (20
years). The production well, which was hydraulically fractured, was subjected to the
minimum bottom-hole pressure of 500 psi. The two injection wells which are shown in
Figure 3 were shut in during the primary production. The average spacing between the
injection wells and production wells was originally 1295 ft as shown in Figure 3. In the
natural depletion scenario, it is clear that the production well started with a high
production rate initially as shown in Figure 2. Then, it showed a steep decline rate until it
got leveled off at low rate. This is the typical trend to what is happening in most if not all
of unconventional reservoirs of North America. If we investigate the pressure distribution
in the reservoir model as shown in Figure 1, we found that the main reason to that fast
reduction in production rate is due to the pressure depletion in the areas which are closed
to the production well. However, the reservoir pressure is still high in the areas which are
far away from the production well. This explains the poor feeding from neighboring areas
in these types of reservoirs due to the tight formation matrix.
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Figure 2. The reservoir performance in natural depletion conditions

Figure 3. Wells layout in the base case of the model
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The second scenario was to inject CO2 in two injection wells which are
approximately 1295 ft (average value) away from the production wells. CO2 injection
process started at the 11th year of natural production as shown in Figure 4. The constrains
were set for injection wells including 5000 MSCF/day as injection rate and 8000 psi as
maximum injection pressure. These operating parameters are suitable for Bakken
formation. The CO2 injection process was lasted for 10 years after the first 10 years of
natural depletion. Therefore, the simulation period is 20 years for each scenario. This
injection process led to an increment in the oil production rate from 265 bbl/day to 409
bbl/day as shown in Figure 4. Also, the oil recovery factor has been increased from
14.4% to 15.3% as shown in Figure 4. The main mechanisms for CO2 to enhance oil
recovery as observed in this case were the pressure maintenance and oil viscosity
reduction as observed in the 3D graph of the model which is shown in Figure 5.

Oil Production Rate-Base Case
Oil Production Rate with CO2
Injection
Oil Recovery Factor-Base Case
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Oil Production Rate, bbl/day
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Injection
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Figure 4. Reservoir performance in natural depletion Vs with CO2 injection
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(a) Oil viscosity distribution-Base case

(b) Oil viscosity distribution with CO2

Figure 5. Oil viscosity distribution before and after CO2 injection

The Role of Injectors-Producer Spacing on CO2 Performance. The spacing
between the two injectors and the producer which is shown in Figure 3 was changed in 5
cases. The purpose of this change to investigate how the distance between the location of
the injectors and the producer would affect CO2 performance in shale oil reservoirs.
These five cases have the following spacing: 1664 ft, 1480 ft, 1295 ft, 1110 ft, and 925 ft.
For each case, the increment in oil production rate, cumulative oil recovery, and oil
recovery factor have been obtained in 1 year, 5years, and 10 years from CO2 flooding
start-point.
The results indicated that as far as the spacing between the injectors and the
producer is short, the increment in oil production rate increased as shown in Figure 6, and
Figure 7. This increment in oil production flowrate can be fit in Eq.1, Eq. 2, and Eq. 3 for
1 year, 5 years, and 10 years scenarios respectively. The same trend was happening for

257
the increment in the accumulative oil production as shown in Figure 7, and Figure 8.
However, the increment in the accumulative oil production from CO2 injection can be fit
in Eq.4, Eq. 5, and Eq. 6 for 1 year, 5 years, and 10 years scenarios respectively.
𝑄𝑄𝑄𝑄 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑛𝑛 1𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 53272𝑥𝑥 −1.048

(5)

𝑄𝑄𝑄𝑄 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 5 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 2𝐸𝐸 + 08𝑥𝑥 −2.02

(6)

𝑄𝑄𝑄𝑄 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 10 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 1𝐸𝐸 + 10𝑥𝑥 −2.052

(3)

𝐶𝐶𝐶𝐶𝐶𝐶. 𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 1 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 2𝐸𝐸 + 08𝑥𝑥 −2.02

(4)
(5)

𝐶𝐶𝐶𝐶𝐶𝐶. 𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 5 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 3𝐸𝐸 + 09𝑥𝑥 −1.424

(6)

𝐶𝐶𝐶𝐶𝐶𝐶. 𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 10 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 6𝐸𝐸 + 12𝑥𝑥 −2.303

Where: x is the average spacing between the injection wells and production well.
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Figure 6. Oil rate-increment due to CO2 flooding with different spacings
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It is clear from the previous results that the short spacing between the injector and
producer is required to obtain a good increment in both of oil production rate and oil
recovery factor. This is happening due to the fact that any injected displacing fluid needs
two main parameters to maintain a quick sweep efficiency through the targeted reservoir.
These two parameters are the following. The first parameter is the high permeability for
the target reservoir. The second parameter is the significant drawdown.
Since these types of the reservoirs have a very tight permeability, the formation
permeability would make the sweeping process for the injected fluid very slow under the
reservoir conditions. This parameter is uncontrollable; we cannot change the permeability
of these tight formations. The second parameter is the pressure drawdown. In the base
case, we observed that the reservoir areas, which are close to the production well
drainage, were subjected to a significant depletion. However, the rest of the reservoir
areas, which are far away from the production well, had not been significantly affected by
the production well because the drainage area around the wellbore was very limited due
to the tight formation. By the way, this could be the main reason for that the infill drilling
is the common practice to develop shale oil reservoirs in current years. According to this
diagnose, we need to put the injection well in the depleted areas, so the CO2 injection
process would find a good un-pressurized space in the porous media to fill in. Therefore,
as long as the spacing between the injection well and production well is short, the
response in oil enhancement due to the CO2 injection is very quick as shown in Figure 9.
This might be the main reason for that CO2-EOR performance would be enhanced when
the injection well and production well are so closed in tight formations. This conclusion
should be held for CO2-EOR which is totally different from CO2 storage purposes.

260

Figure 9. Cumulative CO2 injection volumes with time for 925 ft spacing

Figure 10. The change in cumulative oil with time for 1664 ft spacing
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Although CO2 performance was good in the short injector-producer spacings, the
observed CO2 utilization value was high in such spacings. CO2 Utilization Value (UV) or
Efficiency Indicator (EI) is defined as the ratio of CO2 volume injected in (MSCF) to the
oil volume produced in (bbl). In this study, the CO2 UV for each injector-producer
spacing has been computed and plotted with time. Then, CO2 UV for all injector-spacings
has been drawn in the same graph as shown in Figure 11. We can observe the following
points form Figure 11:
1- Generally, the CO2 UV decreased with time for all spacings. This happens
because the injected volumes of CO2 exceed the increment in oil production at the
beginning of the project which means that the reservoir response to the CO2
injection process has not been reached yet.
2- CO2 UV is clearly high in the short spacings as compared with long spacings.
This happens because CO2 injection-well is in or closed to the depleted areas of
the production well in the short spacings cases so that CO2 will fill the depleted
volume until the pressure increased enough to displace extra oils.
3- Generally, the CO2 UV as listed in Table 5 is very high in unconventional
reservoirs as compared with that for conventional reservoirs where the typical
CO2 UV is in the range of 2.4-13 MSCF/STB (Zhang et al., 2015). This is
consistent with the CO2 field projects data which reported that CO2 UV is
significantly high in the low-permeability reservoirs as compared with the high
permeability reservoirs (Zhang et al., 2015).
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4- At the late times for the CO2 flooding process, all spacings approximately have
the same CO2 UV. This happens because most of the injected CO2 volume
becomes in contact with the drainage areas of the production wells.

Table 5. CO2 utilization value with different producer-injector spacings
Inj-Pro Spacing (ft)

CO2 Utilization Range

925

(5.313-44.5)

1110

(5.476-33.947)

1295

(4.802-29.629)

1480

(5.122-25)

1664

(4.853-21.052)

CO2 Utilization Value, MSCF/STB
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Figure 11. The typical graph for CO2 utilization value change with time
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The Effect of Injectors-Producers Spacing on CO2-EOR: Pilot Tests. This
part presents how the spacing between injector and producer had affected the
performance of miscible gas injection pilot-tests in both of Canadian Bakken and US
Bakken. Schmidt et al., (2014) reported a successful project in the Canadian Bakken.
This pilot project covered 1280 acres which was developed by a combination of 80 acre
and 160 acre spacing. The fluid and rock properties are shown in Table 6. Wood et al.,
(2011) reported 200 m as the spacing between injector and producer for some IOR pilots
which were conducted approximately in the same area as shown in Figure 12. They
designed their project by one mile horizontal-injector and nine perpendicular horizontalproducers. The wells pattern was Toe-Heel pattern. Natural gas (primary methane) was
used as injectant due to its availability in these reservoirs, high compressibility, and low
viscosity (Alfarge et al., 2017). They injected this lean gas (with C2-C7 content in range
of 138 bbl/MMCF to 145 bbl/MMcf) at an injection rate of 350 Mscf/day to 1000
Mscf/day without any reported problems in the injectivity. The reported results of this
pilot were encouraging in all nine offset producers where oil production increased from
135 bbl/day to 295 bbl/day. However, there were some problems related to conformance
control where some early injected gases got breakthrough in some of producers. The gas
utilization value had been improved form 10 MCF/bbl to 6.5 MCF/bbl after 2 years from
starting gas injection. If we take this producer-injector spacing value and the time which
is 2 years from gas injection start-point and intersect them through Figure 11, we will get
approximately the same UV which obtained from field observations. This means that the
typical graph for calculating the UV (Figure 11) is not only valid for calculating CO2 UV
but also for other miscible gases as indicated in this field example. The results from this
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pilot are motivating. However, the main reasons for this success might be due to the short
spacing between injectors and producers which could be considered one of the main
reasons in success of these pilots in Canadian Bakken.

Figure 12. Wells structure of a Canadian Bakken pilot (Wood et al., 2011)

Table 6. Summary of fluid and rock properties of the project area (Schmidt et al., 2014)
Parameter

Value

Unit

Pilot Area
Net Pay
Porosity
Permeability
Water Saturation
Original Formation Volume Factor
Bubble Point Pressure
Oil Viscosity
Oil Gravity (Stock Tank)
OOIP (Pilot Area)

1280
23-26
9-10
0.01-0.1
55-59
1.328
990
2-3
42
8000

Acres
ft
%
md
%
Rb/STB
psi
cP
API
MSTB
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In their study, Hoffman and Evans, (2016) reported seven pilot tests in Bakken
formation conducted in North Dakota and Montana. Pilot test#7 is discussed here because
this pilot test explained how the spacing between the injector and producer affects the
performance of the injected gases in shale reservoirs. Continuous injection process was
performed in pilot test#7. Pilot test#7 has one injector in the center surrounded by four
offset wells. Two of the producers which are to the east and the west are 2300 ft away
from the injector while the other two which are to the north and south are 900 ft and 1200
ft away from injector respectively as shown in Figure 13. The injected gas was an
enriched natural gas with approximately 55% methane, 10% nitrogen, and 35% C2+
fractions. The injection rate was 1600 Mscf/day for 55 days at a target surface injection
pressure equals to 3500 psi. As a result, all four offset wells had a slight increment in
production. Although this increment in oil production was happening in this design of
pilot test, the results are not encouraging as what happened in Canadian Bakken. The
main reason for this difference in the performance might be due to the difference in the
injector-producer spacing. The injector-producer spacing in pilot test#7 which was
conducted in US Bakken was about 2300 ft which might be too long as compared to the
spacing in Canadian Bakken, which was 200 m. Wood et al., (2011) reported other eight
pilot tests conducted in Canadian Bakken. Although most of them in the early time of
execution, some of them were showing encouraging results. The most interesting criteria
in their pilots rather than US Bakken pilots is that the spacing between the injection wells
and production wells is short as 200 m although the porosity and permeability of
Canadian Bakken is much bigger than US Bakken (Alfarge et al., 2017). To sum up, the
spacing between injectors and producer has a significant role for success the CO2

266
flooding in unconventional reservoirs. Therefore, it needs to be optimized depending on
the permeability of reservoirs and the purpose of CO2 injection. This optimization for
injectors-producer spacings is totally different for CO2 storages purposes as in CO2 EOR
goals.

Figure 13. General layout of pilot tests #4/7 (Hoffman and Evans, 2016)

6. CONCLUSIONS
•

The spacing between injection and production wells has an important role on the
performance of CO2 flooding in shale oil reservoirs. Therefore, it needs to be
optimized as a prior step for any CO2 project.

•

The best injector-producer spacing for CO2-EOR in unconventional reservoirs is
not the best one for CO2-storage purposes. Therefore, if the goal from CO2
injection is to achieve both of CO2-EOR and CO2-storage, the producer-injector
spacing needs to be optimized economically.

•

A typical graph has been generated from the model to predict CO2 utilization
value for different times and different spacings. This typical graph might change
quantitively if the reservoir properties are different, especially the permeability of

267
the reservoir. However, the qualitative trend would not be changed.
•

The short injector-producer spacing is very beneficial for CO2-EOR to enhance
oil recovery. However, it would not be beneficial for storage purposes because
high quantities of CO2 would be produced back very soon.

•

CO2 Utilization value is generally high in unconventional reservoirs as compared
with conventional reservoirs.

•

Regardless of the production-injection spacing value, CO2 UV decreases with
flooding time in unconventional reservoirs, so the operators need to be patient.
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VIII. A PARAMETRIC STUDY FOR MISCIBLE GASES EOR IN ULR
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ABSTRACT
Shale formations in North America such as Bakken, Niobrara, and Eagle Ford
have huge oil in place, 100-900 Billion barrels of oil in Bakken only. However, the
predicted primary recovery is still below 10%. Therefore, seeking for techniques to
enhance oil recovery in these complex plays is inevitable. In shale oil reservoirs, EOR is
relatively novel compared with in conventional oil reservoirs. The most investigated
technique among EOR methods to be applied in shale oil reservoirs is injecting miscible
gases which mainly include CO2, N2 and enriched natural gases. However, these different
gases showed different performance in both of lab scale and field pilots conducted in
shale reservoirs. In this paper, numerical simulation methods of compositional models
have been incorporated with LS-LR-DK (logarithmically spaced, locally refined, and
dual permeability) models to mimic the performance of CO2 as well as natural gases (lean
gas and rich gas) in different scenarios of unconventional reservoirs. The models of this
study are mainly built on the sensitivity analysis for the fluid and rock properties of
Bakken formation. Sensitivity analysis methods which were used in this study conducted
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by using two main methods of Design of Experiments (DOE) which are Response
Surface Methodology (RSM) and One Parameter At A Time (OPAAT) approach.
This study found that the main parameters affecting CO2-EOR performance are
clearly different from the parameters influencing natural-gases EOR performance in shale
reservoirs. This happens due to the difference in the molecular weight between CO2 and
natural gases where the molecular diffusion flow is the dominated flow type in these very
tight formations. This study also indicated that NGs-EOR performance exceeds the
performance of CO2-EOR in the formations with very small pore throats (Permeability in
range of 0.00001-1 mD). However, injecting CO2 is highly recommended over injecting
NGs in the reservoirs with the permeability of more than 1 mD. Moreover, it has been
observed that NGs are not very strong function of natural fractures intensity as CO2.
Furthermore, due to the small molecular weight of NGs, they do not require very large
contact areas as CO2 does. This study explains the effects of different nano and macro
mechanisms on the performance of CO2-EOR as well as natural-gases EOR in
unconventional reservoirs since these plays are much complex and very different from
conventional formations. Also, general guidelines have been provided in this study to
enhance success of CO2-EOR in unconventional reservoirs.
1. INTRODUCTION
In current years, Unconventional Liquids Rich Reservoirs (ULR) have gained a
lot of attention in the oil industry since the conventional reservoirs started to deplete and
diminish in number. ULR include different aspects such as shale reservoirs, very tight
reservoirs, and source rock reservoirs (Alfarge et al., 2017b). Generally, these types of oil
and gas reservoirs have two main criteria in common which are very small pore throats,
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micro to nano millimeters, and an ultralow permeability of micro to nano Darcy as shown
in Figure 1. Several studies have been conducted to estimate the recoverable oil in place
in these complex formations indicating huge volumes of oil. The available information
refers to that 100-900 Billion barrels of the oil in place in Bakken only (Alfarge et al.,
2017a). However, the predicted oil recovery from the primary depletion stage could lead
to 7% only of the original oil in place (Clark, 2009). Furthermore, some investigators
argued that the primary recovery factor is still in a range of 1-2 % in some of these plays
(Wang et al., 2016). For example, the North Dakota Council reported that “With today's
best technology, it is predicted that 1-2% of the reserves can be recovered” (Sheng,
2015).

Figure 1. Types of oil and gas reservoirs according to the permeability cut offs (CSUR,
2017)
The low oil recovery happens due to the problems in the production sustainability
which is the main problem in these unconventional reservoirs (Alfarge et al., 2017b). The
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producing wells usually start with a high production rate. Then, they show a steep decline
rate in the first 3-5 years until they get leveled off at a low production rate as shown in
Figure 2. According to Yu et al. (2014), the main reason behind the quick decline in the
production rate is due to the fast depletion happening in the natural fractures combined
with a slow recharge from the rock matrix (the storage). Therefore, the oil recovery factor
from the primary depletion has been typically predicted to be less than 10% (LeFever et
al, 2008; Clark, 2009; Alharthy et al., 2015; Kathel and Mohanty 2013, Wan et al., 2015;
Alvarez et al., 2016).
Infill drilling is the current practice to develop these unconventional reservoirs
and to get a short-term increment in the oil production; however, the high oil rate from
the new wells would not last for a long time similar to the previous wells. In addition, the
cost of drilling new horizontal wells with a long lateral length is so expensive. Therefore,
the infill drilling strategy might not be currently the economic practice in these types of
reservoirs because of the falling oil prices. Seeking for different options is mandatory. It
is known that the main drive mechanism in most of shale reservoirs is the depletion drive.
Typically, this drive mechanism could recover up to 8-12% of OOIP which is the main
motivation to apply one of the IOR methods in these reservoirs (Kurtoglu et al., 2013).
Since these reservoirs have a huge original oil in place, any improvement in the oil
recovery factor would result in enormous produced oil volumes. Therefore, IOR methods
have a huge potential to be the major starrier in these huge reserves (Alfarge et al.,
2017b).
Although IOR methods are well understood in conventional reservoirs, they are
new concept in unconventional formations. All logic steps of research such as
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experimental investigations, simulation studies, and pilot tests for examining the
applicability of different IOR methods have just started over the last decade (Alfarge et
al., 2017b). Generally, applying one of the feasible IOR methods in most of oil and gas
reservoirs should be mandatory to increase the oil recovery factor. However, the
applications and mechanisms for IOR methods in unconventional reservoirs would not
necessarily be the same as in the conventional reservoirs due to the complex and poorquality properties of these plays. The main critical properties in unconventional reservoirs
which might impair success of any IOR project is the low porosity and the ultralow
permeability for these tight formations. Therefore, seeking for the IOR methods which
are insensitive to the very small pore throats was the priority.
Alfarge et al., (2017a) reviewed more than 70 reports and studies which have
been conducted to investigate the applicability of different IOR methods in different
unconventional formations of North America as shown in Figure 3A. Different tools have
been used in the reviewed studies such as experimental investigations, numerical
simulation methods, pilot tests, and mathematical approaches as shown in Figure 3B.
Their review reported that the most feasible IOR techniques for these unconventional
reservoirs are miscible gases, surfactant, and low-salinity water flooding. However, most
of the previous studies recommended that miscible gas based EOR is the best technique
for these types of reservoirs. The gases which have been investigated are CO2, N2, and
natural gases. CO2-EOR is in the top of the miscible-gases EOR category to be applied in
shale oil reservoirs. Furthermore, some of the IOR pilot-tests, which have been conducted
to investigate the feasibility of natural gases EOR in unconventional reservoirs, showed
good results in terms of enhancing oil recovery in these plays (Alfarge et al., 2017b).
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Unfortunately, the results of the pilot tests for CO2-EOR, huff-n-puff process, were
disappointing despite the excellent performance for CO2 in the lab scale. Some
researchers reported that the main mechanism by which CO2 extract oils from shale core
samples in the lab scale is the molecular diffusion mechanism. However, other
researchers reported that oil swelling, viscosity reduction, and repressurization are the
main mechanisms by which CO2 extracts oils as shown in Table 1. Therefore, this study
tried to understand the main mechanisms which are more dominated to control CO2-EOR
performance as well as NGs-EOR performance by conducting numerical simulation
based sensitivity analysis for different rock and fluid properties of Bakken formation as
well as different operating parameters. Two main methods of sensitivity analysis were
used in this study which are Response Surface Methodology (RSM) and One Parameter
At A Time (OPAAT) approach. Using two method of Design of Experiments (DOE) is to
understand both of main effects and interaction effects for different reservoirs properties
as well as different operating parameters.
Table 1. The proposed CO2 EOR mechanisms for improving oil recovery in ULR
CO2 mechanism

Approach tool

1-Diffusion

Lab

2-Reduction in Capillary forces

Lab and simulation

3-Repressurization

Lab

4-Extraction

Lab

5-Oil swelling and pressure maintenance

Lab and simulation

6-Oil Viscosity reduction

Lab and simulation

7-Combination of more than one mechanism from above

-
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A-Bakken Play

B-Eagle Ford Play

Figure 2. Average oil production per well in unconventional reservoirs (EIA, 2016)
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Figure 3. Applicability of IOR methods in ULR

2. RESERVOIR MODELING
LS-LR-DK (logarithmically spaced, locally refined, and dual permeability) model
was constructed to simulate Bakken formation characteristics. The LS-LR-DK method
can accurately simulate the fluid flow in fractured shale oil reservoirs (Wan and Sheng,
2015). In this study, an advanced general equation-of-state compositional simulator has

277
been used to build the formation fluid model. Then, both of the models, LS-LR-DK
model and fluid model, have been combined to simulate compositional interactions of the
reservoir fluid and the injected CO2 during enhanced oil recovery processes.
Furthermore, the implementation of the diffusion model in the LS-LR-DK model and
fluid model has been conducted. In this study, we tried to build a numerical model which
has the typical fluid and rock properties of the Bakken formation. In the models of this
study, we injected CO2 as Huff-n-Puff process through a hydraulically fractured well. All
the mechanisms which were proposed in Table 1 have been considered in this model. In
this field case study, the production well was stimulated with 5 hydraulic fractures. The
spacing between the hydraulic fractures is 200 ft. The simulated model includes two
regions which are stimulated reservoir volume (SRV) and un-stimulated reservoir volume
(USRV) as shown in Figure 4. The dimensions of the reservoir model are 2000 ft x
2000ft x42 ft, which corresponds to length, width, and thickness respectively. The
dimensions of the fractured region are 5 fractures with half-length of 350 ft in J direction,
width 0.001 ft in I direction, and fracture height of 42 ft in K direction. Fracture
conductivity is 15 mD.ft. The other model input parameters are shown in Table 2.
In this study, compositional model was constructed to represent Bakken oil
compositions. The oil which was used in this model has 42 APIo, 725 SCF/STB, and
1850 psi as oil gravity, gas oil ratio, and bubble point pressure respectively. It is known
that compositional models are the most time-consumed models’ due to the large number
of components in the typical formation oil. In our model, we have 34 components so that
it would take a long time for the simulator to complete running one scenario. The
common practice in the numerical simulations for such situation is the careful lump for
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the reservoir oil components into a short representative list of pseudo-components. These
pseudo components could be acceptable if they have matched with the laboratory
measured phase behavior data. The supplied data for such compositional models need to
have a description of associated single carbon numbers and their fractions, saturation
pressure test results, separator results, constant composition expansion test results,
differential liberation test results, and swelling test results (CMG User Guide). These
steps can be used for tuning the EOS to match the fluid behavior. WinProp-CMG was
used to lump the original 34 components into 7 pseudo components as shown in Table 3.
WinProp is an Equation‐of‐State (EOS) based fluid behavior and PVT modeling package.
In WinProp, the laboratory data for fluids can be imported and an EOS can be tuned to
match the physical behavior for the lab data. Fluid interactions can be predicted, and a
fluid model can be then created for the use in CMG software. Table 4 presents the PengRobinson EOS fluid description and binary interaction coefficients of the Bakken crude
oil with different injected gases. Figure 5 represents the two-phase envelope for the
Bakken oil which was generated by using WinProp-CMG.

a. Average pressure in a depleted well
Figure 4. a. Average pressure in a depleted well b. A closed view for SRV
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b. A closed view for SRV
Figure 4. a. Average pressure in a depleted well b. A closed view for SRV (con’t)

Table 2. Model input parameters for the base case
Parameter

value

The model dimensions

2000x2000x42

Unit
ft

Production Time

20

year

Top of Reservoir

8000

Reservoir Temperature

240

o

Reservoir pressure

7500

psi

Initial Water saturation

0.3

value

Total compressibility

1x10-6

psi-1

Matrix permeability

0.005

mD

Matrix porosity

0.085

value

Horizontal Well length

1000

ft

Total number of fractures

5

value

Fracture conductivity

15

mD-ft

Fracture half-length

250

ft

Fracture Height

42

ft

ft
F
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Table 3. Compositional data for the Peng-Robinson EOS in the model oil
Component

CO2
N2-CH4
C2H-NC4
IC5-CO7
CO8-C12
C13-C19
C20-C30

Mole fraction

0
0.2704
0.2563
0.127
0.2215
0.074
0.0508

Critical pressure
(atm)

Critical Temp.
(K)

7.28E+01
4.52E+01
4.35E+01
3.77E+01
3.10E+01
1.93E+01
1.54E+01

3.04E+02
1.90E+02
4.12E+02
5.57E+02
6.68E+02
6.74E+02
7.92E+02

Acentric Factor

Molar Weight
(g/gmole)

0.225
0.0084
0.1481
0.2486
0.3279
0.5672
0.9422

4.40E+01
1.62E+01
4.48E+01
8.35E+01
1.21E+02
2.20E+02
3.22E+02

Table 4. Binary interaction coefficients for Bakken oil
Component
CO2
N2-CH4
C2H-NC4
IC5-CO7
CO8-C12
C13-C19
C20-C30

CO2
1.01E-01
1.32E-01
1.42E-01
1.50E-01
1.50E-01
1.50E-01

N2-CH4

1.30E-02
3.58E-02
5.61E-02
9.76E-02
1.45E-01

C2H-NC4

5.90E-03
1.60E-02
4.24E-02
7.79E-02

IC5-CO7

CO8-C12

C13-C19

2.50E-03
1.72E-02
4.27E-02

6.70E-03
2.51E-02

6.00E-03

Figure 5. The two-phase envelope for Bakken oil
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3. SENSITIVITY ANALYSIS
The purpose of Sensitivity Analysis is to determine how sensitive an objective
function to different parameters qualitatively and quantitively. Identifying the parameters
which have a high impact on CO2-EOR as well as Natural-Gases EOR huff-n-puff
performance would give a good prediction for where and when these EOR techniques
would succeed or fail depending on the reservoir characteristics prior to the field
application. In this study, two methods were used to conduct sensitivity analysis for the
parameters influencing CO2-EOR performance and natural-Gases EOR performance in
shale reservoirs. The first method is One Parameter At A Time (OPAAT) approach which
analyzed each parameter individually and the output results have been produced as
tornado chart. The second method is Response Surface Methodology (RSM) which
analyzed the parameters at the same time (simultaneously) and the output results have
been produced in three types of plot as we will see in the results section. The main benefit
of the second method over the first method is that the interaction between parameters and
influential parameters would be reported. The approaches used in the basic calculations
of Response Surface Methodology (RSM) are as follows:
Sobol Method: The Sobol method is one of the variance-based sensitivity analysis
methods to quantify the amount of variance that each input factor Xi contributes to the
unconditional variance of output V(Y) (CMG, 2017). For example, a given case with 3
inputs and one output, if 50% of the output change would happen by changing the first
input, 30% by changing the second input, 10% by changing the third one, and 10% due to
interactions between the first two input parameters, these percentages are clearly reflected
in measures of sensitivity.
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Morris Method: The Morris method (also named the Elementary Effects (EE)
method) is one of the screening methods which is used to determine the effect of the
input parameters on the model outputs (CMG, 2017). Morris approach has two measures,
the Mean and the Standard Deviation, which are used together. The Mean reflects the
linear influence of an input factor on the output function while the Standard Deviation
reflects the nonlinear or interaction functionality.
Tornado Plot: a visual tool provides a qualitative and quantitative effect for the
input parameters on the output ones, with a higher value meaning more sensitive to that
parameter and vice versa (CMG). For more information about the basics and principles of
this method, CMG reference number can be reviewed.
Sensitivity Parameters: The parameters which were investigated, and their
range values are the same for the three types of gases (CO2, lean gas, and rich gas) listed
in Table 5. The selected parameters have been analyzed within a range and the simulation
results have been compared with the values used for the base reservoir model. The
objective functions which are used for sensitivity analysis purposes are, (1) Oil recovery
factor, (2) Oil production rate, (3) Cumulative Oil production. The time frame of the
objective functions covered 10 years of CO2-EOR and NGs-EOR huff-n-puff process
following 10 years of primary depletion.
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Table 5. Parameters for sensitivity analysis
1

Parameter

Symbol

Minimum

Base Case

Maximum

Fracture Spacing in I-Direction

DIFRAC

0

0.5

0.625

DJFRAC

0

0.5

0.625

Diff_Rate

6E-10

8E-06

0.000008

(ft)
2

Fracture Spacing in JDirection (ft)

3

Molecular diffusion Rate
(cm2/sec)

4

Injection Rate (SCF/Day)

Inj_Rate

500000

1875000

1500000

5

Matrix permeability in

MA_PERMI

1E-05

0.009

0.1

MA_PERMJ

1E-05

0.009

0.1

MA_PERMK

1E-06

0.009

0.1

NF_PERMI

0.0001

0.02

1

NF_PERMJ

0.0001

0.02

1

NF_PERMK

0.0001

0.04

1

POR

0.03

0.03

0.1

I-Direction
6

Matrix permeability in
J-Direction

7

Matrix permeability in
K-Direction

8

Natural permeability in
I-Direction

9

Natural permeability in
J-Direction

10

Natural permeability in
K-Direction

11

Matrix Porosity

4. RESULTS AND DISCUSSION
4.1 PARAMETERS WHICH CONTROL CO2-EOR
One Parameter At A Time (OPAAT) Methodology. The results indicated that
the matrix porosity is the most significant parameter which affects the three objective
functions, oil recovery factor, cumulative production, and oil production rate as shown in
Figure 6, Figure 7, and Figure 8 respectfully. The oil recovery factor increased from
12.6% to 19.3% by increasing the matrix porosity from 3% to 10%. The cumulative oil
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production increased from 1.5E+05 STB to 2.7E+05 STB by increasing the matrix
porosity from 3% to 10%. The daily oil production rate per well increased from 13.2
STB/day to 25.8 STB/day by increasing the matrix porosity from 3% to 10%. Since the
diffusion flow is the most dominated flow in shale oil reservoirs, increasing the contact
area between the injected CO2 and the target reservoir oil would result in enhancing CO2
diffused into shale oil. If the injected CO2 penetrate deeper into shale reservoir, it would
swell more oil and make it less viscous. This explains why CO2 needs a high porosity to
increase oil recovery factor in shale reservoir. The second important factor which control
CO2-EOR performance is the formation average permeability (the average permeability
value counting for HF, NF, and matrix permeability). Figure 6, Figure 7, and Figure 8
show that the second factor which controls the success of CO2-EOR is the average
conductivity of shale formation. We found that the conductivity of oil pathways has a
significant impact on CO2-EOR performance in all scenarios which have been simulated.
The interpretation which we think behind this behavior is that increasing the conductivity
of oil pathways in shale formations would result in increasing the kinetics of oil recovery
process in the productive areas. As a result, for a limited effective diffusion rate for the
injected CO2 into formation oil, CO2 would experience less exposure time with the
formation oil before its being produced back. Therefore, CO2-EOR performance would
be downgraded with the increasing in oil-pathways conductivity. This verification has
been done by injecting CO2 in the low conductivity hydraulic fractures versus injecting
CO2 in the high conductivity hydraulic fractures. The results indicated that the injected
CO2 would enhance oil recovery in the reservoirs with low conductivity fractures more
than the reservoirs with high conductivity fractures. To sum up, as far as the kinetics of
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the oil recovery process in the productive areas do not exceed the CO2 diffusion rate, the
injected CO2 would experience more exposure time with the formation oil before its
being produced back.

Figure 6. Tornado chart for the factors affecting RF with CO2-EOR (OPAAT)
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Figure 7. Tornado chart for factors affecting cumulative oil with CO2-EOR

Figure 8. Tornado chart for factors affecting oil rate with CO2-EOR
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The Following Results are for Response Surface Methodology (RSM).
• Formation total porosity (including natural fracture porosity): Both of
Sobol approach and Morris method indicated that the most important factor which affects
the obtained oil recovery by CO2-EOR is the total porosity of shale formation as shown
in Figure 9A and Figure 9B. We concluded that as long as the formation porosity and
fracture intensity increased, oil recovery obtained by CO2-EOR increased, which means
that total porosity of the shale formation has a positive effect on CO2-EOR performance
as shown in Figure 9D. The interpretation which we think behind this behavior is that
increasing the total porosity of formation would increase the contact area between the
injected CO2 and the formation oil, so CO2-EOR performance would be enhanced.
• Formation Average Permeability (Average permeability counting for HF,
NF, and matrix permeability): Both of Sobol approach and Morris method indicated that
the second parameter which controls the success of CO2-EOR is the average conductivity
of shale formation as shown Figure 9a and Figure 9b. We found that as long as the
conductivity of oil pathways increased, oil recovery obtained by CO2-EOR decreased,
which means that the conductivity of oil pathways has a negative effect on the CO2-EOR
performance as shown in Figure 11. The interpretation which we think behind this
behavior is that increasing the conductivity of oil pathways in shale formations would
result in increasing the kinetics of oil recovery process in the productive areas. As a
result, for the reservoirs which have oil pathways of high conductivity, the injected CO2
would experience less exposure time with the formation oil before its being produced
back. This explains why CO2 only penetrates in the limited areas around the hydraulic
fractures in shale reservoirs with a high conductivity fractures. Therefore, CO2-EOR
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performance would be downgraded with the increasing in the conductivity of oil
pathways. However, if the conductivity of oil pathways in shale formations decreased, it
would make CO2 penetrate deeper into the tight matrix, far away from the hydraulic
fractures because the injected CO2 would experience longer exposure time resulted in
penetrating CO2 deeper in the tight matrix. As a result, CO2 would swell more volumes of
oil, reduce oil viscosity, and finally produce larger quantities of oil by the counter-current
mechanism.

a. Morris Method
Figure 9. RSM results for CO2-EOR a. Morris Method b. Sobol Method
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b. Sobol Method
Figure 9. RSM results for CO2-EOR a. Morris Method b. Sobol Method (con’t)

Figure 10. RSM results for CO2-EOR: Proxy Vs simulated model
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Figure 11. RSM results for CO2-EOR huff-n-puff process: Tornado chart
4.2 PARAMETERS CONTROL NGS-EOR
One Parameter At A Time (OPAAT) Methodology. The results indicated that
the natural fracture permeability is the most important parameter which affects oil
recovery factor as shown in Figure 12. The oil recovery factor increased from 16.8% to
21% by increasing the natural fracture permeability from 0.0001 to 0.6 mD. However, the
molecular diffusion rate is the is most important parameter controlling oil production rate
as shown in Figure 13. The oil production rate per well increased from 21.7 STB/day to
35.5 STB/day by increasing molecular diffusion rate from 6E-10 cm2/sec to 8E-07
cm2/sec. The results also showed that the matrix porosity is the main factor impacting
cumulative oil production as shown in Figure 14. Cumulative oil production increased
from 1.6E+05 STB to 2.8E+05 STB by increasing the matrix porosity from 3% to 10%.
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The main reasons behind the difference in the main factors which control CO2-EOR
success versus NGs-EOR success is coming from two main factors. The first factor is due
to the difference in the molecular weight for natural gases versus CO2. The molecular
weight for natural gases are much smaller than the molecular weight of CO2. Therefore,
the diffusivity of natural gases is much easier than the diffusivity of natural gases. This
explains why the porosity is not that important for NGs-EOR as for CO2-EOR. The
second factor is due to the difference in the concentration gradient between NGs and
shale oil in one side versus CO2 and shale oil on the other side. Since the shale oil
contains a high concentration of natural gases, the concentration gradient between the
injected natural gases and target formation oil is lower than the concentration gradient
between the injected CO2 and target formation oil.

Figure 12. Tornado chart for factors affecting RF with NGs-EOR (OPAAT)
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Figure 13. Tornado chart for factors affecting oil rate obtained with NGs-EOR

Figure 14. Tornado chart for factors affecting cumulative oil with NGs-EOR
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The following Results are for Response Surface Methodology (RSP) Methodology.
• Formation total porosity (including natural fracture porosity): Both of Sobol
approach and Morris method indicated that the most important factor which affects the
obtained cumulative oil is the total porosity of shale formation as shown in Figure 15 and
Figure 16. We concluded that as long as the formation porosity and fracture intensity
increased, oil cumulative production obtained by NGs-EOR increased, which means that
total porosity of the shale formation has a positive effect on NGs-EOR performance as
shown in Figure 16. The interpretation which we think behind this behavior is that
increasing the total porosity of formation would increase the contact area between the
injected NGs and the formation oil, so NGs-EOR performance would be enhanced.
• Formation Average Permeability (counting for HF, NF, and matrix permeability):
Both of Sobol approach and Morris method indicated that the second parameter which
controls the success of NGs-EOR is the average conductivity of shale formation as shown
in Figure 15 and Figure 16. We found that as the conductivity of oil pathways increased,
oil recovery obtained by NGs-EOR decreased, which means that the conductivity of oilpathways has a negative effect on the NGs-EOR performance as shown in Figure 18. The
interpretation which we think behind this behavior is that increasing the conductivity of
oil pathways in shale formations would result in increasing the kinetics of oil recovery
process in the productive areas. As a result, for a limited effective diffusion rate for the
injected-NGs into formation oil, NGs would experience less exposure time with the
formation oil before its being produced back. Therefore, NGs-EOR performance would
be downgraded with the increasing in oil pathways conductivity.
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Figure 15. Factors impacting NGs-EOR huff-n-puff process (Morris Method)

Figure 16. Factors impacting NGs-EOR huff-n-puff process (Sobol Method)
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Figure 17. RSM results for NGs-EOR: Proxy Vs simulated model

Figure 18. RSM results for NGs-EOR huff-n-puff process: Tornado chart
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4.3 COMPARISON BETWEEN CO2-EOR AND NGS-EOR
In the same models, we conducted a parametric sensitivity for both of CO2-EOR
and NGs-EOR for 4 parameters which are, (1) Formation permeability, (2) Formation
porosity, (3) Natural fracture spacing, and (4) Molecular diffusion rate. From Figure 19,
we notice that the performance of NGs-EOR exceeds the performance of CO2-EOR in the
permeability range of (0.00001-1 mD). This happens due to the difference in both of
molecular weight and concentration-gradient between CO2 versus natural gas. It is known
that CO2 has a higher molecular weight than that for lean gas, so CO2 needs larger pore
throats to invade the matrix of shale oil. However, the performance of CO2-EOR exceeds
the performance of NGs-EOR in the permeability range of more than 1 mD. This happens
due to the difference in the concentration gradient between the injected fluid and the
formation fluid. The concentration gradient is so significant for CO2; however, it is low
for both of lean gas and rich gas. This is particularly true for shale oil because
composition of shale oil usually contains high concentrations of light components (i.e. C1
and C2). However, shale oil contains low concentration of CO2; therefore, the
concentration gradient of CO2 is much higher than the concentration gradient of NGs at
the same conditions.
From Figure 20, both of CO2-EOR and NGs-EOR have the same trend of
behavior with porosity change. As long as the porosity increased, the performance of
both of CO2-EOR and NGs-EOR would be enhanced. Since the diffusion flow is the most
dominated flow in shale oil reservoirs, increasing the contact area between the injected
CO2 and NGs with the target reservoir oil would result in enhancing CO2 or NGs diffused
into shale oil. As a result, if the injected CO2 or NGs penetrate deeper into shale
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reservoir, it would swell more oil, make it less viscous. This explains why CO2 and NGs
need a high porosity to enhance oil production in shale reservoir.
From Figure 21, CO2-EOR and NGs-EOR have different trend of behavior with
changing natural fractures intensity. As long as the natural fractures intensity increased,
the performance for both of CO2-EOR and NGs-EOR would be enhanced. However, the
CO2-EOR is highly dependent on the fracture intensity as compared with NGs-EOR. This
difference in the performance between CO2-EOR and NGs-EOR can be explained by the
difference in the molecular weight between natural gases and CO2 similar to what
happened in the permeability sensitivity.
From Figure 22, we can notice that increasing the molecular diffusion rate would
result in enhancing the performance of both of CO2-EOR and NGs-EOR. However, the
molar diffusion rate has a significant effect on NGs performance as compared with the
CO2 performance. This happens mainly due to the large molecules of CO2 as compared
with the molecular weight of lean gas. As a result, CO2 would not penetrate deeper into
shale matrix, far away from hydraulic fractures, if the molecular diffusion rate is
relatively low according to the diffusivity equation. However, the penetration of lean gas
and rich gas into shale matrix is very sensitive to the diffusion rate because there is no
much trapping force inside the small pore throats of shale formations due to their low
molecular weight. Therefore, any increase in the diffusion rate would result in penetrating
natural gases deeper into shale matrix.
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Figure 19. The sensitivity of CO2-EOR Vs. NGs-EOR with formation permeability

Figure 20. The sensitivity of CO2-EOR Vs. NGs-EOR with formation porosity
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Figure 21. Sensitivity of CO2-EOR Vs. NGs-EOR with natural fractures intensity

Figure 22. Sensitivity of CO2-EOR Vs. NGs-EOR with molecular diffusion rate
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5. CONCLUSIONS
Sensitivity analysis on the critical parameters affecting CO2-EOR and NGs-EOR
has been conducted in this study. Response Surface Methodology (RSM) and One
Parameter At A Time (OPAAT) approach gave a clear understanding of how CO2-EOR
and NGs-EOR performances are varied with different conditions. The main conclusions
from this study as follows:
•

The formation porosity is the most important factor to control CO2-EOR success
or failure in shale formations. Shale formation with a high fracture intensity has a
great enhancement in oil recovery by using CO2 injection.

•

The formation permeability has a negative effect on both of CO2-EOR and NGsEOR.

•

Molecular diffusion mechanism has the dominated role among other mechanisms
to control success or failure of both CO2-EOR and NGs-EOR in ULR. However,
NGs have different properties rather CO2 which make the behavior of molecular
diffusivity is so different in NGs performance versus CO2 performance.

•

The results of this study indicated that NGs-EOR performance exceeds the
performance of CO2-EOR in the formations with very small pore throats
(permeability in range of 0.00001-1 mD). However, injecting CO2 is highly
recommended over injecting NGs in the reservoirs with large pore throats.

•

It has been observed that NGs are not very strong function of natural fractures
intensity as CO2 is. Due to the small molecular weight of NGs, they do not require
very large contact areas as CO2 does.

301
REFERENCES
Alfarge, D., Wei, M., and Bai, B., (2017a). IOR Methods in Unconventional Reservoirs
of North America: Comprehensive Review. SPE-185640-MS prepared for
presentation at the SPE Western Regional Meeting held in Bakersfield, California,
USA, 23-27 April 2017.
Alfarge, D., Wei, M., & Bai, B. (2017b). Factors Affecting CO2-EOR in Shale-Oil
Reservoirs: Numerical Simulation Study and Pilot Tests. Journal of Energy& Fuel.
DOI: 10.1021/acs.energyfuels.7b01623
Alharthy, N., Teklu, T., Kazemi, H. et al. 2015. Enhanced Oil Recovery in Liquid
Rich Shale Reservoirs: Laboratory to Field. Society of Petroleum Engineers. DOI:
10.2118/175034MS.
Alvarez, J.O. and Schechter, D.S. 2016. Altering Wettability in Bakken Shale by
Surfactant Additives and Potential of Improving Oil Recovery During Injection of
Completion Fluids. Society of Petroleum Engineers. http:10.2118/SPE-179688-MS.
Ambrose, R. J., Hartman, R. C., & Akkutlu, I. Y. (2011, January 1). Multi-component
sorbed phase considerations for Shale Gas-in-place Calculations. Society of
Petroleum Engineers. doi:10.2118/141416-MS.
Canadian Society of Unconventional Resources. http://www.csur.com/
Cho, Y., Ozkan, E., & Apaydin, O. G. (2013, May 1). Pressure-Dependent NaturalFracture Permeability in Shale and Its Effect on Shale-Gas Well Production. Society
of Petroleum Engineers. doi:10.2118/159801-PA.
Clark, A. J., (2009). Determination of Recovery Factor in the Bakken Formation,
Mountrail County, ND. Society of Petroleum Engineers. doi:10.2118/133719-STU.
Computer Modeling Group, GEM Manual. Https: www.CMG.Ca/ accessed 2017.
Dong, C., & Hoffman, B. T. (2013). Modeling Gas Injection into Shale Oil Reservoirs in
the Sanish Field, North Dakota. Society of Petroleum Engineers.
doi:10.1190/URTEC2013-185.
Energy Information Administration (EIA), (2015).
Gamadi, T. D., Sheng, J. J., Soliman, M. Y., Menouar, H., Watson, M. C., &
Emadibaladehi, H. (2014). An ExperimentalStudy of Cyclic CO2 Injection to
Improve
Shale
Oil
Recovery. Society
of
Petroleum
Engineers.
doi:10.2118/169142-MS.
Hawthorne, S. B., Gorecki, C. D., Sorensen, J. A., Steadman, E. N., Harju, J. A., &
Melzer, S. (2013). Hydrocarbon Mobilization Mechanisms from Upper, Middle, and
Lower Bakken Reservoir Rocks Exposed to CO. Society of Petroleum Engineers.

302
Hoffman, B. T., and Evans J., (2016). Improved Oil Recovery IOR Pilot Projects in the
Bakken Formation. SPE-180270-MS paper presented at the SPE Low Perm
Symposium held in Denver, Colorado, USA, 5–6 May 2016.
Hoteit, H. and Firoozabadi, A. 2009. Numerical Modeling of Diffusion in Fractured
Media for Gas-Injection and Recycling Schemes. SPE J. 14(02): 323–337. SPE103292-PA. http://dx.doi.org/10.2118/103292-PA.
Jin, L., Sorensen, J.A., Hawthorne, S.B., Smith, S.A., Bosshart, N.W., Burton Kelly,
M.E., Miller, D.J., Grabanski, C.B., and Harju, J.A., (2016). Improving oil
transportability using CO2 in the Bakken System—a laboratorial investigation:
Proceedings of the SPE International Conference & Exhibition on Formation Damage
Control, SPE 178948, Lafayette, Louisiana, February 24–26.
Jiang, J., & Younis, R. M. (2016, April 11). Compositional Modeling of Enhanced
Hydrocarbons Recovery for Fractured Shale Gas-Condensate Reservoirs with the
Effects of Capillary Pressure and Multicomponent Mechanisms. Society of Petroleum
Engineers. doi:10.2118/179704-MS
Kathel, P. and Mohanty, K.K. 2013. EOR in Tight Oil Reservoirs through
Wettability
Alteration.
Society
of
Petroleum Engineers. DOI:
10.2118/166281MS.
Kim, T. H., Cho, J., & Lee, K. S. (2017, June 12). Modeling of CO2 Flooding and Huff
and Puff Considering Molecular Diffusion and Stress-Dependent Deformation in
Tight Oil Reservoir. Society of Petroleum Engineers. doi:10.2118/185783-MS.
Kim, T. H., Park, S. S., & Lee, K. S. (2015, October 20). Modeling of CO2 Injection
Considering Multi-Component Transport and Geomechanical Effect in Shale Gas
Reservoirs. Society of Petroleum Engineers. doi:10.2118/176174-MS.
Kurtoglu, B., Kazemi, H., Rosen, R., Mickelson, W., & Kosanke, T. (2014). A Rock and
Fluid Study of Middle Bakken Formation: Key to Enhanced Oil Recovery.Society of
Petroleum Engineers. doi:10.2118/171668-MS.
Li, Y.K. and Nghiem, L.X 1986. Phase Equilibria of Oil, Gas and Water/Brine Mixtures
from a Cubic Equation of State and Henry’s Law. The Canadian Journal of Chemical
Engineering. 64 (3): 486–496.
LeFever, J., & Helms, L., 2008, Bakken Formation Reserve Estimates, North Dakota
Geological Survey.
Mohammed-Singh, L. J., Singhal, A. K., & Sim, S. S.-K. (2006, January 1). Screening
Criteria for CO2 Huff & Puff Operations. Society of Petroleum Engineers.
doi:10.2118/100044-MS.

303
Mohebbinia et al., (2017). Molecular Diffusion Calculations in Simulation of Gasfloods
in Fractured Reservoirs. SPE-182594-MS Paper presented at the SPE Reservoir
Simulation Conference held in Montgomery, TX, USA, 20–22 February 2017.
Morris, M.D. Factorial Sampling Plans for Preliminary Computational Experiments.
Technometrics (American Statistical Association) 33, no. 2 (May 1991).
Moortgat, J. and Firoozabadi, A. 2013. Fickian Diffusion in Discrete-Fractured Media
from Chemical Potential Gradients and Comparison to Experiment. Energ Fuel27
(10): 5,793–5,805. http://dx.doi.org/10.1021/ef401141q.
Peng, D.Y. and Robinson, D.B 1976. A New Two-Constant Equation of State. Industrial
& Enfineering Chemistry Fundamental.15(1): 59–64.
Pu, H., and Li, Y., (2016). Novel Capillarity Quantification Method in IOR Process in
Bakken Shale Oil Reservoirs. SPE-179533-MS presentated at the SPE Improved Oil
Recovery Conference held in Tulsa, Oklahoma, USA, 11–13 April 2016
Schmidt, M., & Sekar, B. K. (2014). Innovative Unconventional 2EOR-A Light EOR an
Unconventional TertiaryRecovery Approach to an Unconventional Bakken Reservoir
in Southeast Saskatchewan.World Petroleum Congress.
Sheng, J.J. 2015. Enhanced oil recovery in shale reservoirs by gas injection. Journal of
Natural
Gas
Science
and
Engineering
22:
252–259.
http://dx.doi.org/10.1016/j.jngse.2014.12.002
Shoaib, S., & Hoffman, B. T. (2009). CO2 Flooding the Elm Coulee Field. Society of
Petroleum Engineers. doi:10.2118/123176-MS.
Sigmund, P. M. (1976, April 1). Prediction of Molecular Diffusion At Reservoir
Conditions. Part 1- Measurement And Prediction of Binary Dense Gas Diffusion
Coefficients. Petroleum Society of Canada. doi:10.2118/76-02-05.
Sigmund, P. M. 1976. Prediction of Molecular Diffusion at the Reservoir Conditions.
Part II – Estimating the Effects of Molecular Diffusion and Convective Mixing in
Multicomponent Systems. J Can Pet Technol15 (3): 53–62. PETSOC-76-03-07.
http://dx.doi.org/10.2118/76-03-07.
Sobol, I. Sensitivity Estimates for Nonlinear Mathematical Models. Matematicheskoe
Modelirovanie 2, 1993: 112-118.
Song, C., & Yang, D. (2013). Performance Evaluation of CO2 Huff-n-Puff Processes in
Tight Oil Formations. Society of Petroleum Engineers. doi:10.2118/167217-MS.
Stumm, W. and Morgan, J.J 1996. Aquatic Chemistry: Chemical Equilibria and Rates in
Natural Waters, third edition. New York, NY: Wiley-Interscience.

304
Thomas, G. A., & Monger-McClure, T. G. (1991, May 1). Feasibility of Cyclic CO2
Injection for Light-Oil Recovery. Society of Petroleum Engineers.
doi:10.2118/20208-PA.
Todd, B. J., Reichhardt, D. K., & Heath, L. A. (2017, February 15). An Evaluation of
EOR Potential in the Elm Coulee Bakken Formation, Richland County, Montana.
Society of Petroleum Engineers. doi:10.2118/185028-MS
Wan, T., & Sheng, J. (2015). Compositional Modelling of the Diffusion Effect on EOR
Process in Fractured Shale-Oil Reservoirs by Gasflooding. Society of Petroleum
Engineers. doi:10.2118/2014-1891403-PA.
Wang, D., Zhang, J., Butler, R., and Olatunji, K., (2016). Scaling Laboratory-Data
Surfactant-Imbibition Rates to the Field in Fractured-Shale Formations. Socienty of
Petroleum Engineers. http://dx.doi.org/10.2118/178489-PA.
Wang, X., Luo, P., Er, V., & Huang, S.-S. S. (2010). Assessment of CO2 Flooding
Potential for Bakken Formation,Saskatchewan. Society of Petroleum Engineers. doi:
10.2118/137728-MS.
Wilke, C. R. and Chang, P. 1955. Correlation of Diffusion Coefficients in Dilute
Solutions. AIChE J1 (2): 264–270.http://dx.doi.org/10.1002/aic.690010222.
Wood, T., & Milne, B., (2011). Waterflood potential could unlock billions of barrels:
Crescent
Point
Energy.
http://www.investorvillage.com/uploads/44821/files/CPGdundee.pdf
Xu, T., & Hoffman, T. (2013). Hydraulic Fracture Orientation for Miscible Gas Injection
EOR in Unconventional OilReservoirs. Society of Petroleum Engineers.
doi:10.1190/URTEC2013-189
Yu et al., (2016b). Experimental Evaluation of Shale Oil Recovery from Eagle Ford Core
Samples by Nitrogen Gas Flooding. SPE-179547-MS Paper presented at the SPE
Improved Oil Recovery Conference held in Tulsa, Oklahoma, USA, 11–13 April
2016.
Yu, W., Lashgari, H., & Sepehrnoori, K. (2014). Simulation Study of CO2 Huff-n-Puff
Process in Bakken Tight OilReservoirs. Society of Petroleum Engineers.
doi:10.2118/169575-MS
Yu, Y., Li, L. and Sheng J., (2016a). Further Discuss the Roles of Soaking Time and
Pressure Depletion Rate in Gas Huff-n-Puff Process in Fractured Liquid-Rich Shale
Reservoirs. SPE-181471-MS paper presented in at the SPE Annual Technical
Conference and Exhibition held in Dubai, UAE, 26-28 September 2016.
Zhang et al., (2015). Intergrated Method to Screen Tight Oil Reservoirs for CO2
Flooding. SPE-175969-MS paper presented at the SPE/CSUR Unconventional
Resources Conference held in Calgary, Alberta, Canada, 20-22 October 2015.

305
Zhang, K., (2016). Experimental and Numerical Investigation of Oil Recovery from
Bakken Formation by Miscible CO2 Injection. Paper SPE 184486 presented at the
SPE international Student Paper Contest at the SPE Annual Technical Conference
and Exhibition held in Dubai, UAE, 26-28 September 2016.
Zhu, P., Balhoff, M. T., & Mohanty, K. K. (2015). Simulation of Fracture-to-Fracture
Gas Injection in an Oil-Rich Shale. Society of Petroleum Engineers.
doi:10.2118/175131-MSSPE-180270-MS17.

306
SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

Improved Oil Recovery (IOR) techniques in ULR are still a new concept in the oil
industry because there is no commercial project for any IOR technique so far. The current
status for all different unconventional IOR techniques is merely based on simulation
studies, lab investigations, and pilot tests. Carbon dioxide (CO2) based EOR technique
has been effectively applied to improve oil recovery in the tight formations of
conventional reservoirs. Extending this approach to unconventional formations has been
extensively investigated over the last decade because CO2 has unique properties which
make it the first option of EOR methods to be tried. However, the applications and
mechanisms for CO2-EOR in unconventional reservoirs would not necessarily be the
same as in conventional reservoirs due to the complex and poor-quality properties of
these plays. In addition, there have been clearly noticed a clear gap for CO2-EOR in lab
conditions versus to what happened in the field scale of these shale plays.
In this dissertation, the physical and chemical mechanisms for CO2 to enhance oil
recovery in shale oil reservoirs have been deeply investigated by using different tools of
lab data, numerical simulation approaches, and pilot tests data. The reasons behind the
conflicted conclusions obtained from the reported lab observations and the poor
performance for CO2-EOR in the pilot tests have been clearly identified. An integrated
systematic methodology was developed to determine the applicability of CO2-EOR in
these complex plays. Comparative analysis between the performance of CO2-EOR and
other miscible gases in ULR has been conducted. Deep insights about how CO2-EOR
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technique is different in unconventional reservoirs as in conventional formations, and
how this technique is different in the field scale versus lab scale of shale oil reservoirs
have been provided.
The overall conclusions can be summarized as follows:
1. Reviewing unconventional reservoirs properties refers to that wettability,
heterogeneity, and depletion are the main targets for IOR methods. There is
certainly a big prize for applying EOR methods in ULR.
2. CO2, natural gas, surfactant, and LSW/water consequently are the most feasible
IOR methods in shale oil reservoirs. Although most of the previous studies in this
area of research recommended that CO2 would be the best EOR technique to
improve oil recovery in these formations, pilot tests showed that the performance
of natural gases clearly exceeds the CO2 performance in the field scale. In
addition, there is a clear gap between experimental studies reports and pilot tests
performances for the applicability of CO2-EOR in shale oil reservoirs.
3. Most of the previous experimental studies relied on CO2 molecular-diffusion
mechanism to predict the potential success for CO2-EOR in shale reservoirs.
However, the direct upscaling for this mechanism to the field scale via simulation
methods, by using the same lab-obtained CO2-diffusion rate, is misleading. In
addition, the previous simulation studies suffer from different lacks and
drawbacks.
4. In the lab scale, Design of Experiments reported that TOC and exposure time are
the two main parameters which control CO2-EOR success in shale reservoirs. The
sensitivity of oil recovery factor obtained by CO2 to the TOC might suggest that
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the CO2-EOR mechanisms in shale-oil reservoir are different from its mechanisms
in conventional reservoirs.
5. Péclet number calculations report a significant flow-type heterogeneity in shalereservoirs. However, diffusion flow is the most dominant.
6. The simulation results proved that the molecular-diffusion has a significant role
on EOR by gas injection in Bakken formation. However, CO2 needs a good
molar-diffusivity into the formation oil, so it can enhance oil production in these
shale reservoirs. Lean gas and rich gas success requires less molar-diffusivity as
compared with CO2.
7. Some of CO2 pilot tests showed a good match with the simulated cases which
have a low molecular-diffusivity between the formation-oil and the injected-CO2.
8. If the well or field conditions predict a low molar-diffusivity for the injected
gases, the rich and lean gases would have a better feasibility than CO2. However,
rich gases need long soaking periods and lean gases need large volumes to be
injected for more successful results.
9. In the field scale, Design of Experiments proved that the natural fracture intensity
and oil-pathways conductivity are the two main factors which control CO2-EOR
success in shale oil reservoirs. However, the fractures intensity has a positive
effect on CO2-EOR while the later has a negative effect.
10. The spacing between injection and production wells has an important role on the
performance of CO2 flooding in shale oil reservoirs. Therefore, injectorsproducers spacing needs to be optimized as a prior step for any CO2 project.
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11. The performing time for CO2-EOR has a significant effect on its success.
Generally, the number of cycles has no effect on the performance of the injected
gases. However, the soaking period has a significant effect.
12. This study found that CO2 molecular diffusion mechanism has a clearly positive
effect on CO2-EOR in huff-n-puff protocol; however, this mechanism has a
relatively negative effect on the continuous flooding mode of CO2-EOR.
13. Both of dissolution and adsorption mechanisms have a negative effect on CO2
performance in terms of enhancing oil recovery in unconventional formations.
CO2 molecular diffusion mechanism has the dominated role among other CO2
mechanisms to control the success or failure of CO2-EOR in ULR.
14. Geomechanics coupling has a clear effect on CO2-EOR performance; however,
different geomechanics approaches have a different validity in these shale plays.
Stress dependent correlations gave the best match with CO2-EOR pilots in
Bakken formation while linear elastic models would give the best match with the
conditions of Eagle Ford formation.
15. The delayed response in oil production rate to the injected CO2 in shale reservoirs,
as indicated by the pilot test conducted in Bakken, matched the general simulation
solutions which have a low molecular diffusivity for CO2 molecules. This
suggests that the exposure time and the contact areas between the injected CO2
and the target formation need to be significantly increased for more successful
results.
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16. Decreasing the kinetics of oil recovery process in the productive areas of shale
formations during CO2 post-injection period would lead to a successful CO2-EOR
project.
17. The results of this study indicated that the performance of NGs-EOR exceeds the
performance of CO2-EOR in the formations with very small pore throats
(permeability in range of 0.00001-1 mD). However, injecting CO2 is highly
recommended over injecting NGs in the reservoirs with large pore throats. It has
been observed that NGs are not very strong function of natural fractures intensity
as CO2. Due to the small molecular weight of NGs, they do not require very large
contact areas as CO2 does.

Further research is needed to investigate the effect of Total Organic Content
(TOC) on CO2-EOR performance experimentally. Then, understanding the mechanistic
effect of TOC on CO2-EOR needs to be upscaled to the field scale by using numerical
simulation methods. Number of pilot tests which have been conducted to investigate the
applicability of CO2-EOR in shale oil reservoirs are still very limited. Further, some of
this study conclusions need to be verified by conducting more pilot tests using the main
guidelines of this study.
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